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ABSTRACT 

Structural defects may be inborn in the materials or they may develop in the materials during service period. The 

magnitude of defects in materials increases with service time; hence it leads to catastrophic failure. Various kinds of cracks 

are existing in the materials in service, i.e. V-shape, Rectangular shape and U-shape cracks. So classification, investigation 

and detection of cracks are of great importance in the regard of structural health monitoring.  Previously, mathematical 

model was developed by W.M. Ostachowicz and M. Krawczuk for the cantilever beam which has two open single-sided V-

shape cracks. This model is used to find the natural frequency of vibration in bending mode. The objective of this study is 

to verify whether the developed mathematical model can be used for U-shape cracks. Therefore, a result obtained for V-

shape cracked cases is used as a reference model. Simulation is done by ANSYS software to get the fundamental natural 

frequencies for the different cracked cases considered by W.M. Ostachowicz and M. Krawczuk. After that the same 

mathematical model is used to calculate the characteristics roots of different cracked cases of a cantilever beam by keeping 

the similar material and geometrical properties. Through this study, it is found that the value of characteristics roots 

obtained for a V-shape cracked cases by W.M. Ostachowicz and M.Krawczuk and a U- shape cracked cases studied in this 

work has shown good agreement. So in this study, the mathematical model of W.M. Ostachowicz and M. Krawczuk of V-

shape crack can be used to cantilever beam which has two open single-sided U-shape cracks. Through numerical study, 

close results of characteristics roots are obtained for most of the U-shape and V-shape cracked cases, and it is revealed that 

results are not much sensitive to the change in crack shape geometry. For various cracked cases, the effects of two open 

single-sided U-shape cracks on the characteristics roots are investigated as well.   

 
Keywords: mathematical model, V-shape crack, natural frequency, ANSYS, characteristics roots, U-shape crack. 

 

1. INTRODUCTION  

Dynamic individuality of cracked and intact 

materials is dissimilar; it means that the reliability of both 

the materials is not same. So, the vibration analysis of a 

cracked beam or shafts is one of the most severe problems 

in various machinery. The investigation of cracked beams 

for various vibration parameters are very much needed 

because of its practical importance. Measurement of 

natural frequencies, vibration modes of cracked and un-

cracked beam is used as a basic criterion in crack 

detection. Most of the cracks may be a of fatigue type and 

occurs in the beam in service due to the limited fatigue 

strength. In the literature many studies deal with the 

structural safety of beams. Kocharla et al. [1] studied that 

presence of crack in a structure changes the vibration 

properties of the beam like natural frequency and mode 

shape. These change in vibration properties used in inverse 

problem for the crack detection. In this study, they treated 

the turbine blades as a cantilever beam. Vibration analysis 

of a cantilever beam extended successfully to develop 

online crack detection methodology in turbine blade. 

Cantilever beam is modeled with two U-notches and 

observed the influence of one U-notch on the other for 

natural frequencies and mode shapes. By using central 

difference approximation, the curvature mode shapes were 

calculated from the displacement mode shapes. The depth 

and location corresponding to any peak on this curve 

becomes possible notch parameters. Babu et al. [2] treated 

turbine blade as a cantilever beam and a shaft as a simply 

supported beam. Vibration analysis of a cantilever beam 

and simply supported beam is extended successfully to 

develop online crack detection methodology in turbine 

blade and shaft. In this study, two transverse U-notches are 

considered on the turbine blade and on shafts. The finite 

element analysis is carried on blade and on shaft to 

investigate the effect of one notch on other for the natural 

frequency and mode shape. By using a central difference 

approximation, curvature mode shapes were then 

calculated from the displacement mode shapes. In this 

study, the identification procedure presented is believed to 

provide a useful tool for detection of medium size crack in 

a cantilever and simply supported beam applications. Quin 

et al. [3] derived an element stiffness matrix of a beam 

with a crack by using integration of stress intensity factors, 

and then FEM model of a cracked beam is developed. This 

model is applied to the cantilever beam with an edge 

crack, and modal frequencies are determined for different 

crack parameters. These results give good agreement with 

experimental data. For considering the effect of crack 

closure, the modal parameters are identified by an 

identification technique in the time domain. Through 

computation results, it is found that the difference between 

displacement response between the beam and the cracked 

beam is reduced because of the crack closure effect; the 

eigen frequency is considerably affected by the average 

value of excitation force. Lastly, a simple and direct 

method to determine the crack position, based on a 

discussion of the relationship between crack and eigen 

parameters of the beam, is proposed. Nahvi and Jabbari [4] 

established an analytical, as well as experimental approach 

to the crack detection in cantilever beams by vibration 

analysis. A cracked cantilever beam is excited by a 
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hammer and the response is obtained using an 

accelerometer attached to the beam. It is assumed that 

crack always remain open to avoid non-linearity. Contours 

of the normalized frequency in terms of the normalized 

crack depth and location are plotted to identify the crack. 

To detect the crack parameters the intersection of contours 

with the constant modal natural frequency planes is used. 

A minimization approach is used for identifying the 

cracked element within the cantilever beam. Pandey and 

Biswas [5] presented an evaluation of changes in the 

flexibility matrix of a structure as a candidate method to 

identify the presence of damage. Flexibility matrix can be 

easily estimated from few of the lower frequency modes of 

vibration of the structure. First, with simple analytical 

beam models, the effect of damage presence in a structure 

on its flexibility is studied. The effectiveness of using 

changes in the flexibility matrix in detecting and locating 

damages is demonstrated. Skrinar [6] formulates the finite 

element of a beam with an arbitrary number of transverse 

cracks. Each crack is replaced by a corresponding linear 

rotational spring, connecting two adjacent elastic parts. 

Due to the presence of crack the flexural bending 

deformation is caused, hence the stiffness and geometrical 

stiffness matrices are considered. The expressions are 

presented in closed forms which are used to calculate the 

coefficients of stiffness and geometrical stiffness matrices, 

as well as the load vector of the element. As the equivalent 

interpolation functions were implemented in the 

derivations, transverse displacements in the finite element 

can also be obtained. This finite element could be 

efficiently implemented, not only in static and stability 

analysis, but also in inverse identification of cracks in 

beam-like structures. Binici [7] proposed a new method to 

obtain the eigen-frequencies and mode shapes of beams 

containing multiple cracks and subjected to axial force. 

Cracks give local flexibility and rotational spring. To 

determine mode shape functions the proposed method 

used one set of end conditions as an initial parameters. 

Mode shape functions of the remaining parts are 

determined by satisfying the continuity and jump 

conditions at crack locations. New set of boundary 

conditions give a second-order determinant that needs to 

be solved for its roots. For static case, the roots of the 

characteristic equation give the buckling load of the 

structure. The result of proposed method is compared 

against the results predicted by finite element analysis. In 

order to investigate the effect of cracks and axial force 

levels on the eigen-frequencies, a parametric study is 

conducted. For this, both simply supported and cantilever 

beam-columns are considered. It is observed that eigen-

frequencies are strongly affected by crack locations, 

severities and axial force levels. Wang et al. [8] present a 

method of crack detection in a turbine blade. In wind 

turbines, blades are the main components. The magnitude 

of blade damage increases in service and lead to 

catastrophic failure, hence it is essential to do the 

structural monitoring of the turbine blade. This method 

includes finite element method (FEM) for dynamics 

analysis (modal analysis and response analysis) and the 

mode shape difference curvature (MSDC) information for 

damage detection. Wahab and Roeck [9] studied the 

application of the change in modal curvatures to detect 

damage in a prestressed concrete bridge. Narayana and 

Jebaraj [10] performed an analytical work to study the 

effect of crack at different location and depth on mode 

shape behavior. Kishen and Sain [11] developed a 

technique for damage detection using static test data. 

From the literature, it is found that there is no 

existence of the mathematical model for the U-shape 

cracked cantilever beam for evaluating its natural 

frequency and on the other hand U-shape cracks found to 

be most practical in the dynamic structures. So structures 

carry U-shape cracks needs attention. Similarly, two open 

single-sided cracks are mostly found in the application 

where fluctuating load acts on the structure.  Previously, 

for natural frequency mathematical model was developed 

by W. M. Ostachowicz and M. Krawczuk for the 

cantilever beam which has two open single-sided V-shape 

cracks. In this study, mathematical model of W. M. 

Ostachowicz and M. Krawczuk is taken as a reference 

model and applied to the cantilever beam which has two 

open single-sided U-shape cracks to see its adaptability for 

U-shape cracks. Moreover, the effect of two open single-

sided U-shape cracks on the characteristics roots is 

studied. 

  

2. MATHEMATICAL MODEL 

W.M. Ostachowicz and M. Krawczuk have 

presented a method of analysis of the effect of two open 

cracks on the bending mode natural frequencies in a 

cantilever beam. W. M. Ostachowicz and M. Krawczuk 

considered two types of cracks in their study, double sided 

and single sided cracks. Double sided cracks occur in the 

beam due to the action of cyclic loading and on the other 

hand, single sided cracks occur in the beam due to 

fluctuating loads. When fluctuating loads acts on the 

smooth beam, then beam gets bent, due to which two open 

single-sided cracks occur on the beam due to less fatigue 

strength of the material or due to some localized 

manufacturing defects in the beam such as corrosion, 

corrosion fatigue and erosion in the beam. 

 

Calculation of natural vibration frequencies of 

a beam with two cracks: One can take the natural 

vibration frequencies equation of the beam in the well 

known form.  

 𝐽 , 𝑡 /  + 𝜌 , 𝑡 / 𝑡 =                     (1) 

 

where ρ is the material density, F  is the cross sectional 

area of the beam,  , 𝑡  is the deflection of the beam and 

J is the geometrical moment of inertia of the beam cross 

section. By introducing elasticity elements in crack 

locations one obtains a system of three beams. The 

equivalent stiffness of the elasticity element is calculated 

in section 2 [12].  
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Figure-1. Clamped cantilever beam with two open cracks [12]. 

 

The model of the problem is shown in Figure-1. 

The boundary conditions, in terms of the non dimensional 

beam length ξ = x/L, can be expressed as follows: = , zero displacement of the beam at the restraint 

point; ′ = , zero angle of rotation of the beam at the 

restraint point; 𝑒 = 𝑒 , compatibility of the 

displacement of the beam at the location of the first crack; ′ 𝑒 − ′ 𝑒 = 𝜃 ′′ 𝑒 , total change of the rotation 

angle of the beam at the location of the first crack; ′′ 𝑒 = ′′ 𝑒 ,compatibility of the bending moments at 

the location of the first crack; ′′′ 𝑒 = ′′′ 𝑒 , 
compatibility of the shearing forces at the location of the 

first crack; 𝑒 = 𝑒 , compatibility of the 

displacements of the beam at the location of the second 

crack; ′ 𝑒 −  ′ 𝑒 =  𝜃 ′′ 𝑒 ,  total change of the 

beam rotation angle at the location of the second crack; ′′ 𝑒 = ′′ 𝑒 , compatibility of the bending moments 

at the location of the second crack ; ′′′ 𝑒 =′′′ 𝑒 , compatibility of the shearing forces at the 

location of the second crack; ′′ = , zero bending 

moment at the end of the beam; ′′′ = , zero shearing 

force at the end of the beam. Here 𝑒  and 𝑒  are the 

distances between the end of the cantilever beam and the 

crack locations. The solution of (1) is sought in the form      

  𝜉, 𝑡 = 𝜉 sin 𝜔 𝑡                                                     (2) 

   

Substituting this solution into (1), after simple 

algebraic transformation, one has 

 𝑖𝑣 𝜉 − 𝛽 𝜉 =                                                        (3)  

 

where 𝛽 = 𝜔 𝜌 /𝐿 𝐽.Taking the function 𝜉  in the 

form of a sum of three functions,    

 y ξ = A cosh  βξ + B sinh  βξ + C cos βξ+  D sin βξ  

 

, 𝜉 [ , 𝑒  

 

𝜉 = cosh  𝛽𝜉  + sinh  𝛽𝜉 + cos 𝛽𝜉+ sin 𝛽𝜉    
 

, 𝜉 𝑒 , 𝑒  

 y ξ = A cosh  βξ+ B sinh  βξ + C cos βξ +  D sin βξ  

 

, 𝜉  𝑒 , ]                                                                        (4)     

          𝜔𝑖 = 𝛽𝑖𝐿 √ 𝐽/𝜌  , i=1, 2,……..,n,                              (5)    

 

where 𝜔𝑖 is the i
th  

natural vibration frequency of the beam 

and 𝛽𝑖 is the i
th 

 characteristic root.      

 

3. SIMULATED CRACK CONFIGURATIONS 
In this study, free vibrations of a cantilever beam 

having U-shape edge cracked cases are studied. The same 

geometric and material of reference model are taken to 

compare the results of cantilever beam with U- shape edge 

crack cases with V-shape edge crack cases.  

Geometric properties: The Length and cross 

sectional area of the beam are1m and 0.1 * 0.1 m
2
, 

respectively. 

Material properties: Modulus of elasticity (E) is 

2.1*10
11

 N/m
2, the density (ρ) is 7860 kg/m3

. The value of 

poisons ratio is not given in the reference model so it is 

assumed as 0.3. 

In present work, total number of specimens 

considered is 63 and it is same as that of cracked cases of 

the reference model to study the amount of deviation given 

by the cantilever beam for V-shape edge cracked cases and 

U-shape edge cracked cases for the characteristics roots. 

Two separate cases are considered, in case 1 each 

specimen has a single crack and each specimen have two 

cracks in case 2. The details of each case are given below.  

Case 1: Three specimens are considered in this 

case. Transverse cracks are taken on each specimen by 

keeping crack location constant at 100 mm from the beam 
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fixed end. At this location, crack depth is taken as 30 mm 

for one specimen, similarly for next two specimens it is 

taken as 50 mm, and 70 mm respectively.    

Case 2: In this case, 60 specimens are 

considered. Two transverse cracks are taken on each 

specimen. This case is divided into 3 sub cases. Each sub 

case has 20 specimens. In the first sub case, location of the 

first crack is at 100 mm and crack depth is taken as 30 mm 

as mentioned in Figure-3, then the location of the second 

crack is varied as 110 mm, 200 mm, 400 mm, 600 mm and 

800 mm from the cantilever end and at each location crack 

depth is taken as 10 mm, 30 mm, 50 mm and 70 mm 

respectively. Similar configuration is used for next 2 sub 

cases, but instead of 30 mm crack depth at the first 

location, 50 mm and 70 mm crack depth is taken for the 

second and third sub cases, respectively.  

 

 
 

Figure-2. Diagram of a cantilever beam with two open V-shape crack [12]. 

 

 
 

Figure-3. Design of a cantilever beam with two open U- shape cracks. First crack details: 

L1/L= 0.1; a1/H=0.3; Second crack details: L2/L= 0.6; a2/H=0.3. 

 

 
 

Figure-4. Finite element modelling of the cracked beam. 

 

 
 

Figure-5. Crack zone details of a FEA model. 
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Figure-6. Natural frequency plot, First crack details: L1/L= 0.1; a1/H=0.3; 

Second crack details: L2/L= 0.11; a2/H=0.3. 

 

4. FINITE ELEMENT MODELLING AND  

    ANALYSIS 

ANSYS 12.1 [13] finite element program is used 

to determine natural frequencies of the undamaged and 

cracked cases of beams. For this purpose, block of 

required dimensions is created by volume command. Then 

at the required locations on the surface of the beam model, 

two small U shape areas of required dimensions are 

created and extruded. Then small volumes are subtracted 

from large volume of cantilever beam model to obtain 

three dimensional models with two open U-shape cracks. 

A 20 node structural solid element (solid 186) is selected 

for the analysis, because of several special features like 

stress stiffening, large strain, and large deflection. Finite 

element boundary conditions are applied on the beam to 

constrain all degrees of freedom of the extreme left hand 

end of the beam. The Block Lanczos eigen value solver is 

used to calculate the natural frequencies of the beams. 

By finite element analysis, the natural frequencies 

of the cracked cases of the beams are determined as shown 

in Table-1. The values of natural frequencies obtained by 

FEA for different damaged cases are substituted in (5) to 

get the values of characteristics root as shown in Table-2. 

 

5. RESULTS

 

Table-1. The first fundamental natural frequency for cracked cases of the beam. 
 

a2/h L2/L = 0.11 L2/L = 0.2 L2/L = 0.4 L2/L = 0.6 L2/L = 0.8 

L1/L=0.1;  a1/H=0.3;  f1=74.216 Hz 

f1 ( Hz) 

0.1 74.119 73.708 74.013 74.129 74.2 

0.3 73.141 69.414 72.123 73.694 74.198 

0.5 59.961 60.105 67.314 72.303 74.114 

0.7 40.044 43.619 55.521 67.871 73.679 

L1/L=0.1;  a1/H=0.5;  f1=59.669 Hz 

f1 ( Hz) 

0.1 59.688 59.397 59.551 59.619 59.711 

0.3 59.722 57.141 58.613 59.459 59.674 

0.5 57.741 51.581 56.018 58.766 59.528 

0.7 39.909 39.968 48.731 56.225 59.448 

L1/L=0.1;  a1/H=0.7;  f1=39.832 Hz 

f1 ( Hz) 

0.1 39.555 39.534 39.627 39.69 39.569 

0.3 39.586 38.763 39.419 39.42 39.582 

0.5 39.411 36.903 38.542 39.365 39.636 

0.7 36.974 31.961 35.958 38.662 39.604 
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Table-2. Single-sided crack: roots of the characteristics equation. 
 

Crack  parameters 
L2/L  

a2/h  
0.11 0.2 0.4 0.6 0.8 

L1/L=0.1;  a1/H=0.3;  β1=1.767 

U-Shape 

0.1 

1.766 1.761 1.765 1.766 1.767 

V-Shape 1.758 1.760 1.764 1.766 1.766 

Deviation (%) 0.453% 0.056% 0.056% 0% 0.056% 

U-Shape 

0.3 

1.754 1.709 1.742 1.761 1.767 

V-Shape 1.690 1.706 1.741 1.760 1.766 

Deviation (%) 3.648% 0.175% 0.057% 0.056% 0.056% 

U-Shape 

0.5 

1.588 1.59 1.683 1.744 1.766 

V-Shape 1.490 1.658 1.658 1.740 1.762 

Deviation (%) 6.171% -4.276% 1.485% 0.229% 0.226% 

U-Shape 

0.7 

1.298 1.355 1.529 1.69 1.761 

V-Shape 1.181 1.256 1.450 1.658 1.756 

Deviation (%) 9.013% 7.306% 5.166% 1.893% 0.283% 

L1/L=0.1;  a1/H=0.5;  β1=1.585 

U-Shape 

0.1 

1.585 1.581 1.583 1.584 1.585 

V-Shape 1.521 1.523 1.525 1.525 1.526 

Deviation (%) 4.037% 3.668% 3.663% 3.724% 3.722% 

U-Shape 

0.3 

1.585 1.551 1.571 1.582 1.585 

V-Shape 1.485 1.486 1.513 1.523 1.525 

Deviation (%) 6.309% 4.19% 3.691% 3.729% 3.785% 

U-Shape 

0.5 

1.559 1.473 1.535 1.573 1.583 

V-Shape 1.370 1.403 1.480 1.511 1.523 

Deviation (%) 12.123% 4.752% 3.583% 3.941% 3.79% 

U-Shape 

0.7 

1.296 1.297 1.432 1.538 1.582 

V-Shape 1.138 1.199 1.345 1.470 1.521 

Deviation (%) 12.191% 7.555% 6.075% 4.421% 3.855% 

L1/L=0.1;  a1/H=0.7;  β1=1.295 

U-Shape 

0.1 

1.29 1.29 1.291 1.292 1.29 

V-Shape 1.184 1.185 1.185 1.186 1.186 

Deviation (%) 8.217% 8.139% 8.21% 8.204% 8.062% 

U-Shape 

0.3 

1.291 1.277 1.288 1.288 1.291 

V-Shape 1.174 1.177 1.182 1.184 1.185 

Deviation (%) 9.062% 7.83% 8.229% 8.074% 8.21% 

U-Shape 

0.5 

1.288 1.246 1.273 1.287 1.291 

V-Shape 1.136 1.146 1.169 1.183 1.184 

Deviation (%) 11.8% 8.025% 8.169% 8.08% 8.288% 

U-Shape 

0.7 

1.247 1.16 1.23 1.275 1.291 

V-Shape 1.021 1.056 1.125 1.181 1.182 

Deviation (%) 18.123% 8.965% 8.536% 7.372% 8.443% 
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The comparison of the results of characteristics 

roots for V-shape and U-shape cracked cases are shown in 

Figures 7-9. Total 12 critical cracked cases are shown for 

the characteristics roots. From Figures 7 and 8, it is seen 

that the value of characteristics roots for V-shape and U-

shape cracked cases gives good agreement. From Figure-9, 

it is noticed that V-shape and U-shape cracked cases gives 

some error for characteristics roots from 8.21% to 18.09%. 

The main advantage of the existing mathematical model is 

that it gives outstanding results for characteristics roots at 

critical region of the beam. 

 

 
 

Figure-7. Characteristics roots for Rec. shape and V- shape cracks. The first crack: Location 

L1/L= 0.1; Size a1/H= 0.3; The second crack: Location L2/L= 0.11. 

 

 
 

Figure-8. Characteristics roots for Rec. shape and V- shape cracks. The first crack: Location 

L1/L= 0.1; Size a1/H= 0.5; The second crack: Location L2/L= 0.4 
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Figure-9. Characteristics roots for Rec. shape and V- shape cracks. The first crack: Location 

L1/L= 0.1; Size a1/H= 0.7; The second crack: Location L2/L= 0.11 

 

 
 

Figure-10. Effect of the second crack upon the characteristics root of the beam with two 

single sided-cracks. The first crack: location L1/L=0.1; Size= a1/H= 0.3; β1 =1.767 

 

From Figure-10, it is found that when the location 

of the second crack increases from the first crack location 

by keeping the same depth of the second crack then value 

of characteristics root almost remains constant for V-shape 

as well as U-shape cracked cases of the beam. This is true 

when the depth of the second crack is less than 30 % of the 

total depth of the beam. Constant value of characteristics 

root means almost constant value of stiffness of the beam. 
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Figure-11. Effect of the second crack upon the characteristics root of the beam with two 

single sided-cracks. The first crack: location L1/L=0.1; Size= a1/H= 0.5; β1 =1.585 

 

 
 

Figure-12. Effect of the second crack upon the characteristics root of the beam with two 

single sided-cracks. The first crack: location L1/L=0.1; Size= a1/H= 0.7; β1 =1.295. 

 

 
 

Figure-13. Effect of the second crack upon the characteristics root of the beam with two 

single sided-cracks. The first crack: location L1/L=0.1; Size= a1/H= 0.5; β1 = 1.585. 
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For the same configuration, When the depth of 

the second crack increases above 30% then value of 

characteristics root increases due to increase in stiffness of 

the beam materials. It means that as the location of the 

second crack increases from the first crack location then 

beam stiffness increases more rapidly. 

The values of characteristics roots for V-shape 

and U-shape cracked cases gives good agreement when 

depth of the cracks are less than 50% of the total depth of 

the beam. 

For larger depth, the found error in the values of 

characteristics roots for V-shape and U-shape cracked 

cases is somewhat more, this may be due to lack of width 

specifications of the V-shape crack profile as mentioned in 

the reference model [12]. 

The decrease in the value of characteristics root is 

largest, if cracks are nearer to each other as well as closer 

to the cantilever end. When the value of characteristics 

roots are compared for Figures 10-12, it is found that the 

value of characteristics roots are minimum due to the 

presence of largest crack depth of the first crack at the first 

location as shown in Figure-12. The significant reduction 

in characteristics roots value is only due to the presence of 

largest crack depth at the first location. 

From Figure-13, it is found that when the depth 

of the second crack at any location (apart from last 

location, L2/L=0.8) increases then the value of 

characteristics root decreases. But decrease in the value of 

characteristics root is rapid, when second crack location is 

nearer to first crack location because the effect of damping 

remains largest in such cracked case. For the larger crack 

depths, as the location of the second crack increases from 

the first crack location then rigidity of the beam increases 

significantly or vice versa. From Figure-13, it is also found 

that the values of characteristics roots for V-shape and for 

U-shape cracked cases are close to each other. The last 

location of the second crack (L2/L= 0.8) is very nearer to 

the free end, so at this location even though crack depth 

increases the value of characteristics roots almost remain 

constant due to presence of negligible amount of damping 

effect in the beam. 

 

6. CONCLUSIONS 

Analysis focuses on free vibration only. In the 

FEA part of this study, the effect of the crack depth and 

location on modal properties of the beam was investigated. 

The following conclusions can be drawn from the 

analyses:  

 

a) The theory presented by W.M. Ostachowicz and M. 

Krawczuk for the cantilever beam which has two open 

single-sided V-shape cracks is appropriate to the same 

beam which has two open single-sided U-shape 

cracks. 

b) Up to 50% crack depth, the values of characteristics 

roots for V-shape and U-shape cracked cases gives 

good agreement. 

c) Found error in the values of characteristics roots for 

V-shape and U-shape cracked cases is slightly more 

when crack depth increases above 50% of the depth of 

the beam. 

d) 4. When the depth of the second crack is kept constant 

and second crack location is varied from the 

cantilever end of the beam, then characteristics root of 

the beam      increases. 

e) When the location of the second crack is kept constant 

and crack depth increases then characteristics root of 

the beam decreases. 

f) Characteristics root of the beam decreases 

considerably, when second crack location is nearer to 

the first crack location. 

g) When the depth of the first crack increases, then value 

of characteristics roots decreases rapidly. 
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Abstract 

In this research paper, a theoretical method of analysis of the first natural frequency of an un-cracked simply 
supported beam in bending mode is presented. The formula of a paradigm is used to determine the natural 

frequency of an un-cracked beam. The converged natural frequency formula of a paradigm is then extended to 

a single edged and multi-edged cracked simply supported beam to evaluate their natural frequency. The main 
attraction of the proposed method is that it gives one more significant way to the researchers to determine the 

natural frequency of cracked beams. The limited fatigue strength, defects like corrosion, corrosion-erosion, and 

corrosion fatigue in the beam are the main causes of formation of edged cracks in beams. Hence the evaluation 
of natural frequency of cracked beams and its use in the inverse problem is of utmost importance to do the 

condition monitoring of the structures by the vibration methods. 

 

Keywords: paradigm; natural frequency; simply supported beam; ANSYS; modal analysis; zero frequency 

                   deflection; condition monitoring 
 

1. Introduction 

In turbo machinery, elements like beam, shaft is most practical and always remains 

associated with the defects like cracks and notches. These defects appear on the structural 

elements are mainly due to the limited fatigue strength of the material. The elements which 

are subjected to fatigue loading undergo sudden, complete and catastrophic failure. Hence, 

for avoiding such failure, it is required to do the periodic condition monitoring of the 

structures. 

Khalkar and Ramachandran [1] presented the paradigm for the natural frequency of 

un-cracked cantilever beam; afterwards they extended the formula of un-cracked beam to 

cracked cantilever beam. They provided one additional way to the researchers for the 

evaluation of a bending natural frequency of an un-cracked and cracked cantilever beam. 

The main advantage of the presented paradigm is that it gives valid results for the natural 

frequencies at any arbitrary chosen locations. It is observed that [1], when the crack depth 

is kept constant and crack location is varied from the cantilevered end, then stiffness of 

the beam is increased. Vigneshwaran and Behera [2] studied the dynamic characteristics 

of the beam with multiple breathing cracks. For developing theoretical expressions for 

evaluation of natural frequencies and mode shapes, a systematic approach has been 

adopted in this study. For performing the dynamic analysis, an elastic simply supported 

beam with two breathing cracks is considered. The concept of influence coefficient is used 

to determine the cracked beam stiffness. The influence coefficients are calculated by using 

strain energy release rate and castigiliano's theorem. Eigen value approach is also used to 

mailto:vikas_khalkar@rediffmail.com
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evaluate the stiffness and natural frequencies for the multiple cracked beams.  It is seen 

that the presence of cracks causes to change the stiffness and natural frequency of the 

simply supported beam. Zhong and Oyadiji [3] considered the polynomial function for the 

obtaining the transverse deflection of the cracked beam. The polynomial function 

represents the effect of a crack, to the polynomial function which represents the response 

of the intact beam. Approximate closed-form analytical expressions are derived for the 

natural frequencies of a random mode of transverse vibration of a cracked simply 

supported beam by means of a roving mass using the Rayleigh's method. Due to the roving 

of the mass along the cracked beam its natural frequencies get changed. So the roving 

mass can provide additional spatial information for damage detection of the beam. Teidj 

et al. [4] used an explicit analytical model for assessing the effect of a crack on beam strain 

energy, the beam first resonance frequencies were evaluated as function of a single crack 

defect characteristics. They used the fracture mechanics approach for obtaining the crack 

equations. Naik and Maiti [5] presented the vibration based crack detection technique for 

circumferential cracks in empty straight horizontal pipes in different orientations. 

Rotational spring is used to modelled the crack. The stiffness of the cracked beam is 

determined by experimental and vibration method. Thereafter, sensitivity of the vibration 

method for prediction of crack location on variations in experimental data has been 

examined. Dirr and Schmalhorst studied [6] the propagating crack that causes the slender 

uniform round shaft to shake about its major axis. Experiments using a stationary shaft are 

performed as well. For measuring the crack depth and the actual shape of the cracked cross 

section, beach marks are used. Singh and Tiwari [7] have studied and presented a two 

stage identification methodology, which identify the number of cracks and crack 

parameters. In the first stage, a multi-crack detection and its localization algorithm have 

developed. In the later stage of the algorithm, the size and the accurate location of cracks 

are obtained by using multi-objective genetic algorithms. Turgut and Mesut [8] analyzed 

have studied the Timoshenko beams having different boundary conditions. To study the 

free vibration characteristics of Timoshenko beams, a Lagrange equation is used. The first 

eight natural frequencies of Timoshenko beam are considered and tabulated for different 

thickness-to-length ratio of a beam. From this study, it is seen that shown tabulated results 

are useful to designers. Papadopoulos [9] investigated the torsional vibrations of a rotor 

with a transverse crack. For the modeling of the crack a local flexibility matrix is 

considered. The local flexibility matrix is calculated analytically and measured 

experimentally. The graphs between the first three natural frequencies and crack 

parameters are plotted. Khalkar and Ramachandran [10] have studied the EN 8 and EN 47 

cracked cantilever beam for the top side and bottom side transversed cracks. Through this 

research study they found that natural frequency of free vibration is not the function of the 

crack depth for the same configurations.Khalkar and Ramachandran [11] have studied the 

steel cracked cantilever beam for the single sided and double sided v-shaped cracks. 

Through this research study [11], it is observed that the obtained natural frequency of free 

vibration for the rectangular shape cracked case and v shape cracked case is almostsame 

for the same configuration. Khalkar and Ramachandran [12] have studied the EN 47 

cracked cantilever beam for the transverse and oblique cracks. Through this research study 

they have [12] found that the natural frequency more abruptly changes for the case of 

transverse cracked beam than the case of oblique cracked beam for the same configuration. 
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They have also found that the natural frequency of an un-cracked cantilever beam is almost 

similar to the natural frequency of a cracked beam which carries crack almost towards the 

free end. Khalkar and Ramachandran [13] have studied the spring steel cantilever beams 

for various crack geometries i.e V-shaped, U-shaped and rectangular shaped by vibration 

analysis. Through this research study they have found that the effects of crack geometries 

on the stiffness have a minor effect. They have also found that the free vibration based 

method can effectively predict the crack location and depth in the structure irrespective to 

the crack geometries. 

From the literature survey, it has been found that there is no existence of an integration 

based approach paradigm for a simply supported beam to evaluate its natural frequency. 

None of the researchers has worked on the paradigm of a simply supported beam. In this 

study, the derived formula of a paradigm of a simply supported beam is applied to the 

cracked simply supported beam for natural frequency. This paradigm gives the valid 

results for the natural frequency of an un-cracked and cracked simply supported beam. 

Static (zero frequency deflection) analysis is carried out by ANSYS software on un-

crackedand cracked models to get the stiffness parameter of un-cracked case and various 

cracked cases, afterward the value of obtained stiffness of any cracked case is substituted 

in the paradigm formula to get its natural frequency in the bending mode. To validate the 

results of natural frequency, modal analysis numerical experiments are conducted on the 

same models by using ANSYS simulation.  

2. Theory 

The schematic diagram of a simply supported beam subjected to zero frequency point load 

is as shown in Figure 1. By comparing deflection curve of Figure 5 and Figure 6, it is 

observed that the deflection curve of a simply supported beam at zero frequency is 

approximately similar to the curve obtained during vibration with first bending natural 

frequency. 

 

Figure 1. A schematic diagram of a simply supported beam subjected to zero frequency 

central point load 
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Let ρ' and L be the mass of the beam per unit length and length of the beam 

respectively, z is the displacement of midpoint of simply supported beam. 

Mass of simply supported beam, m = ρ' ∙ L. 

Therefore, the mass of the element is  ρ' ∙ dx. 

Consider a small element dx at a distance x from the left hand support of a simply 

supported beam as shown in Figure 1. 

                                                  𝑀𝑥 =  − 𝑊  [(𝐿/2)  −  𝑥] 

                                           𝐸𝐼
𝑑2𝑦

𝑑𝑥2
 =  −𝑀𝑥 =   𝑊 [(𝐿/2)  − 𝑥] 

    (1) 

Integrate Equation (1) 

𝐸𝐼
𝑑𝑦

𝑑𝑥
= 𝑊 (

𝐿𝑥

2
−

𝑥2

2
) + 𝐶1                                               (2) 

when 𝑥 =  0, 
𝑑𝑦

𝑑𝑥
= 0  substitute first boundary conditions in Equation (1) then C1 = 0 

𝐸𝐼
𝑑𝑦

𝑑𝑥
=

𝑊

2
(𝐿𝑥 − 𝑥2)                                                     (3) 

Again Integrate Equation (3) 

𝐸𝐼𝑦 =
𝑊

2
(
𝐿𝑥2

2
−

𝑥3

3
)  +  𝐶2                                                 (4) 

when x = 0, y = 0  substitute the second boundary conditions in Equation (4) C2 = 0 

𝐸𝐼𝑦 =
𝑊

2
(
𝐿𝑥2

2
−

𝑥3

3
)                                                       (5) 

We have the deflection at the midpoint of simply supported beam, 𝑧 =
𝑊𝐿3

48𝐸𝐼
. 

Substituting value of W in Equation (5) 

𝑦 =
24

𝐿3
(
𝐿𝑥2

2
−

𝑥3

3
)  𝑧                                                        (6) 

Equation (6) gives displacement of the element in the transverse direction 

𝑦′ =
24

𝐿3
(
𝐿𝑥2

2
−

𝑥3

3
)  𝑧’                                                       (7) 

Equation (7) represents the velocity of the element. 

Kinetic energy of the element  

1

2
𝜌′𝑑𝑥(𝑦′)2                                                              (8) 

Total K. E. of beam 

1

2
𝜌′ ∫ [

24

𝐿3
(
𝐿𝑥2

2
−

𝑥3

3
) 𝑧′]

𝐿/2

0

2

𝑑𝑥                                            (9) 

Total K. E. of beam 

1

2
𝐾𝑧2                                                              (10) 
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Apply energy method i.e. Total kinetic energy + Total potential energy = Constant, to 

un-cracked simply supported beam. After solving it, Equation (11) gets converged this 

represents the natural frequency of an un-cracked simply supported beam.  

𝑓𝑛 =
1

2𝜋
√

𝐾

0.47143 𝑚
                                                      (11) 

where, 0.47143m and K are the effective mass and stiffness of an un-cracked simply 

supported beam respectively.  

Equation (11) is also applied to the cracked beam in this research study to get the 

natural frequency of any cracked case of interest. Initially, the static analysis of a cracked 

beam is carried out by using ANSYS software to get the zero frequency deflection. To get 

the zero frequency deflection, an elastic limit point load is applied on the beam, i.e. 100 

N, on its middle point. Then the stiffness of cracked case of interest is computed by using 

the conventional formula (Elastic limit point load / zero frequency deflection). The 

calculated stiffness is then substituted in Equation (11) to get the natural frequency of any 

cracked case of simply supported beam. 

3. Simulated crack configurations 

In this study, natural vibration of an edge-cracked simply supported beam is studied. 

Fifteen cracked specimens are considered in this case study to find out the natural 

frequency of such cracked specimen by proposed theoretical method and by ANSYS as 

well. 

Specimens of EN 8 materials are used to study the effect of cracks on natural 

frequency. EN 8 material is tested in ELCA Lab , Pune, India, to get the material properties 

i.e. Modulus of Elasticity (E) is 2.104 x 1011 N/m2, ρ = 7820 kg/m3. 

Geometric properties: The length and cross sectional area of the beam are 0.36 m and 

0.02x 0.02 m2 respectively. 

The value of Poisson’s ratio is assumed as 0.3, i.e. cracked specimensare of EN 8 

(spring steel) material 

The main case is divided into three cases: case 1, case 2 and case 3. Details of each 

case are given below. 

Case 1: In this case nine specimens are considered and each specimen carries one 

transverse crack as shown in Figure 2. This case is again subdivided into 3 sub cases, in 

the first sub case, 100 mm crack location is selected from the left hand support of the beam 

and at this location crack depth is varied from 5 mm to 15 mm by an interval of 5 mm. 

The second and the third sub cases are similar with the first sub case, the only difference 

is that instead of 100 mm crack location, 200 mm and 300 mm crack location is chosen 

for the second and third sub case respectively.  

Case 2: In this case three specimens are considered and each specimen carries two 

transverse cracks as shown in Figure 3. In this case, 100 mm and 200 mm crack locations 

are chosen for the first and the second crack from the left hand support of the beam and at 

these locations cracks depths are varied from 5 mm to 15 mm by an interval of 5 mm.  

Case 3: In this case three specimens are considered and each specimen carries three 

transverse cracks as shown in Figure 4. In this case, 100 mm, 200 mm and 300 mm crack 
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locations are chosen for the first, second and the third crack from left hand support of the 

beam and at these locations cracks depths are varied from 5 mm to 15 mm by an interval 

of 5 mm. 

 

Figure 2. A schematic diagram of a cracked simply supported beam  

with single crack 

 

Figure 3. A schematic diagram of a cracked simply supported beam  

with two cracks 

 

Figure 4. A schematic diagram of a cracked simply supported beam  

with three cracks 

4. Finite element modelling and analysis 

ANSYS [14] finite element program is used to determine natural frequencies and zero 

frequency deflections of cracked beams. A solid 186 structural solid element is selected 

for modelling the cracked simply supported beam model. Finite element boundary 

conditions are applied on both the extreme ends of simply supported beam along Y-

direction. Static and modal analyses are carried out on each specimen to get zero frequency 

deflection and natural frequency. In static analysis 100 N loads is applied at the center of 

simply supported beam. Finite Element Analysis (FEA) plot of zero frequency deflection 

and natural frequency are shown in the Figure 5 and Figure 6 respectively. In this research 

study an open edge cracks are considered and 0.5 mm crack width is chosen for all the 

cracked cases. 
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Figure 5. Zero frequency deflection plot of a cracked simply supported beam; 

L1/L = 0.556; a1 = 15 mm 

 

Figure 6. Natural frequency plot of a cracked simply supported beam; 

L1/L = 0.556; a1 = 15 mm 

5. Results and discussion 

By Finite Element Analysis, the natural frequencies for the various cracked cases are 

found to confirm the results obtained for the natural frequencies by a proposed theoretical 

method. The zero frequency deflection and stiffness results for single-edge cracked 

specimens are presented in Table 1 and 2. Table 3-5 presented the natural frequency results 

obtained by proposed theoretical method and by FEA analysis for single-edged cracked 

cases. Table 6 and 7presented the natural frequency results for the two-edged and three-

edged cracked cases respectively. 

Table 1. Zero frequency deflection of a simply supported beam 

 with single-edged crack, m 

Crack location 

Crack depth mm 

L1 = 100 mm 

 

L1 = 200 mm 

 

L1 = 300 mm 

 

a1 = 5 0.359e-4 0.376e-4 0.354e-4 

a2 = 10 0.402e-4 0.495e-4 0.370e-4 

a3 = 15 0.668e-4 0.114e-3 0.451e-4 
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Table 2. Stiffness of a simply supported beam with single-edged crack, N/m 

Crack location 

Crack depth mm 

L1 = 100 mm 

 

L1 = 200 mm 

 

L1 = 300 mm 

 

a1 = 5 2785515.32 2659574.46 2824858.75 

a2 = 10 2487562.19 2020202.02 2702702.7 

a3 = 15 1497005.98 877192.98 2217294.9 

Table 3. Comparison of first bending natural frequency of a simply supported beam with 

single-edged crack for 100 mm crack location, Hz 

Crack depth 

mm 

Methods L1 = 100 mm 

 

Natural frequency Hz % Deviation 

a1 = 5 
Proposed method 364.73 

2.697 
ANSYS 354.89 

a2 = 10 
Proposed method 344.52 

3.941 
ANSYS 330.94 

a3 = 15 
Proposedmethod 267.26 

6.095 
ANSYS 250.97 

Table 4. Comparison of first bending natural frequency of a simply supported beam with 

single-edged crack for 200 mm crack location, Hz 

Crack 

depth mm 

Methods L1 = 200 mm 

 

Natural frequency Hz % Deviation 

a1 = 5 
Proposed method 356.23 

1.482 
ANSYS 350.95 

a2 = 10 
Proposed method 310.47 

-1.288 
ANSYS 314.47 

a3 = 15 
Proposed method 204.58 

-7.312 
ANSYS 219.54 

Table 5. Comparison of first bending natural frequency of a simply supported beam with 

single-edged crack for 300 mm crack location, Hz 

Crack depth 

mm 

Methods L1 = 300 mm 

 

Natural frequency Hz % Deviation 

a1 = 5 
Proposed method 367.13 

2.369 
ANSYS 358.43 

a2 = 10 
Proposed method 359.26 

3.462 
ANSYS 346.82 

a3 = 15 
Proposed method 325.41 

7.78 
ANSYS 300.09 
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Table 6. Comparison of first bending natural frequency of a simply supported beam with 

double-edged crack, Hz 

Crack depth 

mm 

Methods L1 =100 mm, L2 = 200 mm 

 

Natural frequency Hz % Deviation 

a1 = a2 = 5 
Proposed method 351.28 

1.708 
ANSYS 345.28 

a1 = a2 = 10 
Proposed method 296.56 

0.977 
ANSYS 293.66 

a1 = a2 = 15 
Proposed method 183.39 

-1.041 
ANSYS 185.30 

Table 7. Comparison of first bending natural frequency of a simply supported beam with 

three-edged crack, Hz 

Crack depth mm Methods L1 = 100 mm, L2 = 200 mm, L3 = 300 mm 

 

Natural frequency Hz % Deviation 

a1 = a2 = a3= 5 
Proposed method 349.94 

2.026 
ANSYS 342.85 

a1 = a2 = a3= 10 
Proposed method 292.03 

1.664 
ANSYS 287.17 

a1 = a2 = a3= 15 
Proposed method 180.24 

-0.066 
ANSYS 180.36 

From Table 3 - Table 7, it is observed that the error for the natural frequency between 

the proposed method and the FEA analysis is less than 8% for all the cracked cases i.e. 1-

edged, 2-edged and3-edged cracked cases.  

From Figures 7-9, it is observed that value of natural frequencies obtained by proposed 

theoretical method and FEA analysis gives good agreement. For all the cracked cases, the 

results of natural frequencies obtained by the proposed theoretical method are valid. It is 

also found that for 2-edged and 3-edgedcracked specimens, the results obtained by a 

proposed theoretical method for the natural frequencies are more accurate than those of 1-

edged cracked specimens. The main advantage of the proposed mathematical model is that 

it gives outstanding results at all sections of the beam.  
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Figure 7. Comparison of first bending natural frequency of a simply supported beam 

with single-edged crack for 100 mm, 200 mm and 300 mm crack location 

 

Figure 8. Comparison of first bending natural frequency of a simply supported beam 

with two-edged cracks: L1/L = 0.278; L2/L = 0.556 

 

Figure 9. Comparison of first bending natural frequency of a simply supported beam 

with three-edged cracks: L1/L = 0.278; L2/L= 0.556; L3/L = 0.834 

200

225

250

275

300

325

350

375

fn (Hz)

L1/L = 0.278 L1/L = 0.556  L1/L = 0.834

Theo. NF 5 mm CD

FEA NF  5 mm CD

Theo. NF 10 mm CD

FEA NF 10 mm CD

Theo. NF 15 mm CD

FEA NF 15 mm CD

175

200

225

250

275

300

325

350

fn (Hz)

Theo. NF 5 mm CD

FEA NF  5 mm CD

Theo. NF 10 mm CD

FEA NF 10 mm CD

Theo. NF 15 mm CD

FEA NF 15 mm CD

175

200

225

250

275

300

325

350

fn (Hz)

Theo. NF 5 mm CD

FEA NF  5 mm CD

Theo. NF 10 mm CD

FEA NF 10 mm CD

Theo. NF 15 mm CD

FEA NF 15 mm CD



Vibrations in Physical Systems 2018, 29, 2018028 (11 of 12) 

 

Figure 10. Variation of natural frequency with crack location ratio for single-edged 

cracked cases 

From Figure 10, it is found that as the location of the crack increases from the left hand 

support of the simply supported beam by keeping the crack depth constant then natural 

frequency decreases up to midpoint of the beam, and again it increases for all the crack 

locations which are present between the midpoint of the beam and the right hand support 

of the beam. It means that the presence of crack at the midpoint of the beam produces 

largest effect of damping as compared to the presence of other cracks on other locations 

on the beam. At midpoint of the beam the effect of damping remains largest, and it is 

mainly due to presence of largest bending moment at the midpoint of the beam. The effect 

of bending moment remain less for all the cracked cases in which cracks remain present 

between midpoint of the beam and right hand support of the beam or  between the midpoint 

of the beam and the left hand supportof the beam. Hence the magnitude natural frequency 

is found to be on higher side for such cracked cases. 

6. Conclusion 

A. The converge formula of  the proposed theoretical method of an un-cracked simply 

supported  beam can be extended to 1-edged or 2-edged or 3-edged cracked simply 

supported beam as it gives valid results for the natural frequency. 

B. The proposed theoretical method gives one more significant way to the researchers 

to compute the natural frequency of cracked beam. 

C. Natural frequencies obtained by the proposed theoretical method and ANSYS 

simulation are in good agreement which shows the versatility of the proposed 

method. 

D. When location of the crack is increased from left hand support to the midpoint of a 

simply supported beam by keeping the crack depth constant, then the natural 

frequency decreased. 

E. When location of the crack is increased from midpoint of the beam to the right hand 

support of a simply supported beam; then the natural frequency again increased.  
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ABSTRACT. Tuned liquid dampers (TLD) are energy-absorbing device that have been proposed to control the dynamic
response of structures. A TLD is a tank rigidly attached to the structure and filled partially by liquid. In this study set of
experiments are conducted on flat bottom and slope bottom TLD at beach slope 30º, for different mass ratio to
investigate the overall effectiveness of TLD and specific effect of TLD parameters. This experimental study shows that a
properly designed TLD reduce structural response. It is also observed that effectiveness of TLD increases with increase
in mass ratio. In this experimental study an effectiveness of slope bottom TLD with beach slope 30º is investigated and
compared with those of flat bottom TLD in reducing the structural response. It is observed from this study that efficiency
of sloped bottom TLD in reducing the response of structure is more as compared to that of flat bottom TLD.

Keywords: tuned liquid dampers; vibration control; sloshing; energy dissipation; TLD design and base excitation

1. INTRODUCTION
Civil engineering structures have to be designed considering lateral loads arising from environmental events
like windstorms and earthquakes in addition to other design loads acting on the structure. During high winds
the sway motion at the top of a tall building and the vertical deflection on long suspension bridges may reach
tens of feet. Among these, earthquakes are highly unpredictable, destructive and cause tremendous loss of life
and property. The forces due to such environmental events are random and dynamic in nature.

A variety of devices have been developed in the last two decades, to control the vibrations of structures due to
such dynamic loads. Several tall building has been constructed with various types of movement control
devices installed. Most of these movement control devices are passive devices. The most commonly used
passive systems are base isolation, visco - elastic dampers, and tuned mass dampers. TLD which can
effectively control vibrations induced by winds (Kareem A. et al 1999, Tuomo Karna 2009 and Tamura Y. et
al 1995) and has the potential to mitigate earthquake-induced vibrations as well (Banerji P. et al 2000, Banerji
P. and Samanta A. 2011, Love J. S. and Tait M. J. 2013, Love J. S. and Tait M. J. 2015, and Zahrai S. M. et al
2012).

Recent research studies have concentrated on innovative methods for controlling the earthquake response of
structures by installing additional devices at proper locations in the structure. A TLD system represents an
efficient and simple technique to increase the damping of structure and thereby control its earthquake
response. It involves the attachment of one or multiple appropriately designed partially liquid-filled tanks to
the structures.

Tuned liquid dampers are passive dampers, it is a tank rigidly attached to the structure and filled partially by
liquid. When frequency of tank motion is close to one of the natural frequency of tank liquid, large sloshing
amplitude is expected. If these frequencies are reasonably close to each a resonance will occur. By tuning the
fundamental sloshing frequency of TLD to the structural natural frequency a large amount of sloshing and
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wave breaking will take place and will dissipate a significant amount of energy (Banerji Pradipta et al 2010).
The growing interest in TLD is due to their low capital and maintenance cost and their ease of installation in
to existing and new structures.

1.1Flat bottom and slope bottom TLD
Tuned liquid dampers with flat bottom have been used as a passive structural control device for quite some
time. The sloped bottom TLD has been investigated recently by Gardarsson S. (1997) and Gardarsson S. et al
(2001). Its behavior is markedly different from the more familiar flat bottom TLD. The flat bottom TLD is a
stiffness-hardening system and displays a beating property (Lepelletier TG. and Raichlen F. 1998), when the
force of excitation has ceased. The motivation for the use of the sloped bottom tank came from the desire to
reduce or if possible prevent the phenomenon of beating.

Fig. 1 Fig. 2
Figs 1 and 2: Schematic of recirculation zone at a flat bottom TLD corner and   Streamlines inside a

sloped bottom TLD showing no recirculation zone
The effective liquid mass, for a sloped bottom TLD is much larger than that of a flat bottom TLD. From a
fluid dynamic perspective, this was expected, as a relatively large portion of liquid mass does not contribute to
the sloshing force due to recirculation in flat bottom tank corner as shown in fig. 1.The fig. 2 shows
streamlines inside a sloped bottom TLD. It is immediately evident how the slope bottom geometry almost
eliminates the recirculation zones and results in a higher contributing sloshing mass.

As greater amount of water mass participates in sloshing, in slope bottom TLD, resulting greater magnitude of
the moment and base shear exerted at the TLD base. Figs. 3 and 4 shows comparative schematic of flat bottom
and slope bottom TLD tanks, where, H is height of tanks, h is depth of water in tanks, b is width of tanks, L is
overall length of flat bottom tank, θ is beach slope and Lo is horizontal length of slope bottom tank.

Fig. 3 Fig. 4
Figs 3and 4: Schematic of flat bottom and Slope bottom TLD
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The linear natural frequency of water sloshing motion of a flat bottom TLD can be evaluated using the
dispersion relation is given by Lamb H. (1932) as;

= 12 ℎ ℎ (1)
Where is the frequency, is the acceleration due to gravity, h is the water depth and L is the overall length
of tank. In contrast, it is not simple to evaluate the dispersion relation for sloped-bottom TLD because two
different slopes viz. horizontal and inclined are involved (Gardarsson S.1997). Olson D. E. and Reed D. A.
(2001) determined the experimental frequency of flat bottom TLD and compared with numerical equation as
given in Eq. (1) by replacing L by wetted perimeter L , defined as

= + 2ℎ (2)
Where, L is the length of the flat part of slope bottom tank and θ is the beach slope. Using the length L in
Lamb’s Eq. (1) instead of L resulted in a fairly close estimate of natural frequency. The only limitations of the
above equation are that it is not defined for sin = 0.
1.2 TLD structure interaction
The response of SDOF structure coupled with a TLD can be found out, using the following equation.̈ + ̇ + = − ̈ + (3)
Where, = mass of the structure, ̈ = the acceleration at the top of structure, ̇ = velocity at the top of
structure, = displacement at the top of structure, = the stiffness of structure, ̈ = the ground
acceleration and = total sloshing force imparted by liquid in TLD.

2. EXPERIMENTAL SET-UP AND TEST PROCEDURE
Fig. 5 shows a schematic representation of the TLD–structure model used for this study. Unidirectional
spectral dynamic medium force shaker series shaking table model ( SD-10-240/GT1075M) is used for the
experiments available at Sardar Patel college of Engineering Andheri (West) Mumbai. It is an
electrodynamics unidirectional shaking table. It is fully automatic shaking table controlled by central
computer, besides controlling the shaking table it is also used for data acquisition and processing which is
done by “Puma software”. The size of table in plan is 1.0 m × 0.75 m. The range of maximum displacement is
± 51 mm. The maximum operating velocity is 0.18 m/sec and the operating frequency is in between 5 to 3000
Hz, but it also works for from 0 Hz to 5 Hz. In this shaking table many in-build sensors are attached which
monitor the activity of shaking table. The data acquisition is done with Oras system. It is an instrument in
which data can be acquired, stored and analyzed. NVGATE is the software used by Oras to process the data. It
is having 24 channels and it is more users friendly.

The picture of the test setup, specimen, shaking table and the behavior of liquid inside TLD during
experiment is shown in figs. 6 – 7. The TLD tanks were made up of acrylic sheets, having 5 mm thick side
walls and 5 mm thick base plate. For flat bottom and slope bottom TLD at beach slope 30º, four TLD tanks
were stacked one above the other and rigidly connected to each other to act as a single unit. The free board,
i.e. the gap between the free surface and the roof of the TLD tank was provided on the basis of numerical
simulations of the expected water profiles, carried out in advance, and with the objective that wave profiles
should not be disturbed due to splashing on the roof of the tank during the experiments.  A small notch was
kept on side wall parallel to the direction of excitation to facilitate pouring water in TLD. This TLD tank unit
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was rigidly connected to the top of structure, which was mounted on the shaking table. The structural model
was made up of mild steel plates of varying thickness to ensure that the mass given in Table 1 was achieved in
each case, but thick enough to represent a rigid floor, supported on four high tensile steel rods of 6.3 mm
diameter, which represent the columns. As welding a high tensile rod makes it brittle , which eventually cause
it to break even at small displacement , a barrel-and-wedge system was used to connect the both the roof and
base steel plates rigidly to high tensile rods. This innovative technique offered not only the desired flexible
structure but also the flexibility in changing the frequency of this single-degree-of-freedom model by
changing the position of mild steel plates along the high tensile steel rods. The base plate of structural model
was directly bolted to the shake table to avoid any relative displacement between the structural base and the
table. Care was taken to ensure that structure is symmetrical. Accelerometers were placed at the top and at the
base of the structural model (as shown in fig. 5) to measure structural and base acceleration respectively.
There were two control accelerometers placed at the two extreme corners at the floor level in the direction
perpendicular to the direction of motion. These were provided to monitor the transverse and torsion motion of
the floor. It was consistently noted that these accelerometer gave almost a zero signal, which implies that the
transverse and torsion motions of the floor are negligible and the motion of the floor is along the direction of
shaking only, as is evident from Fig. 7.

The mass ratio, µ, which is the ratio of the water mass in the TLD to the structure mass, was controlled by
selectively filling water in the individual tanks to the desired depth defined by the depth ratio (∆), which is the
ratio of the depth of water to the length of tank in the direction of shaking. Therefore, in any experiment it was
possible to consider four different sets of mass ratios, depending on whether one, two or all four of the tanks
were filled with water to the desired depth ratio. However, in the actual experiments one, two, or four tanks
were used for specific mass ratios considered.

Fig 5: Schematic diagram of TLD structure model
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Fig 6: Test setup, specimen and shaking Table

Fig 7: Behavior of liquid inside TLD during the test
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2.1 Structural properties and TLD parameters

Tables 1 - 2 shows structural properties and TLD parameter considered in this study. A set of experiment is
planned by considering all aspects of TLD design parameter viz. mass ratio and depth ratio. Mass of TLD tank
which was rigidly attached to the structure was included in structural mass. Depending upon the structural
frequency, size of TLD’s is designed by using Eq. 1 for given depth ratio. Width of the tank was adjusted to
get desired mass ratio for different set of experiments. Structural damping was determined before each set of
the experiment. Set of TLD-structure was subjected to harmonic sinusoidal motions with different excitation
frequencies and amplitude of motion is kept constant as 0.039 m/s².

Table 1 Structural properties and TLD parameters for flat bottom TLD

Table 2 Structural properties and TLD parameters for slope bottom TLD (beach slope 30º)

Case
No.

Mass
kg

Structural
period

(Ts) sec.

Structural
damping

%

Tank size
m

Depth
ratio

∆

Mass ratio
µ %

L b

1 83.379 0.80 1.60 0.198 0.220 0.131 2.0, 3.0, 4.0

Where,

L = Wetted perimeter of slope bottom TLD.

L = Actual Length of Flat bottom TLD.

b = Breadth of Flat bottom and Slope bottom TLD.

3 EXPERIMENTAL RESULTS AND DISCUSSION
The comparison of frequency response graph for structure without TLD and with flat bottom TLD and slope
bottom TLD are presented in figs. 8 and 9 for case 1. From these frequency response graph it can be observed
that, slope bottom TLD with 30º slope is more effective in reducing the structure response as compared to flat
bottom TLD.

Case
No.

Mass
kg

Structural
period

(Ts) sec.

Structural
damping

%

Tank size
m

Depth
ratio

∆

Mass ratio
µ %

L b

1 83.379 0.80 1.60 0.228 0.154 0.131 2.0, 3.0, 4.0
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Fig 8: Peak acceleration for different mass ratio and varied β ratio, for flat bottom TLD, (Structural
type Case 1, Ts = 0.80 sec., ∆ = 0.131, Ao = 0.039 m/s²)

Fig 9: Peak acceleration for different mass ratio and varied β ratio, for slope bottom TLD, at beach
slope 30º (Structural type Case 1, Ts = 0.80, ∆ = 0.131, Ao = 0.039 m/s²)

Figs. 8 and 9 shows a comparison of experimental values of peak acceleration at the top of structure with both
flat bottom and slope bottom TLD for harmonic base excitation. The graphs are for varying excitation
frequency ratio, β, (which is the ratio of the frequency of the harmonic excitation and the fundamental natural
frequency of the structure) and for different mass ratios, µ.
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Table 3 Percentage reduction in peak structural acceleration for structures with Flat bottom and
Slopped bottom TLD (beach slope 30°) with different mass ratio (%) – Experimental

Mass
ratio
µ %

Percentage reduction in peak structural
acceleration - Experimental

Flat bottom TLD
Slope  bottom
TLD (beach slope
30°)

Case 1
∆=0.131
Ts = 0.80

Case 1
∆=0.131
Ts = 0.80

2 % 26.95 31.11

3 % 41.93 46.25

4 % 46.92 52.41

3.1 Effect of mass ratio and depth ratio
The percentage reduction in peak structural acceleration obtained from experiments both for flat bottom and
slope bottom TLD (beach slope, θ = 30º) for three different mass ratios are presented in Table 3 for case 1.

In all experiments and in all the cases the amplitude of base excitation is kept constant as 0.039 m/s².
Amplitude is low because due to the limitations of experiment setup. The diameter of column size in
experiment setup is 6.3 mm. At high level excitation the structure will behave nonlinear and will get damaged,
therefore the amplitude of excitation is restricted.

3.1.1 Effect of mass ratio
From Table 3 it is seen that as mass ratio increases, the effectiveness of both flat bottom and slope bottom
TLD increases. This is because larger volume of water for a higher mass ratio should absorb and dissipate
more energy. In this study three values of mass ratio i.e. 2 %, 3 %, and 4 % are considered which are small
enough to be generally practical at large enough for TLD to be effective as a control device.

The percentage reduction response for slope bottom TLD is more than that of flat bottom TLD for the same
mass ratio. This is due to relatively large portion of liquid mass does not contribute to sloshing force due to
recirculation in flat bottom tank corner. While slope bottom geometry almost eliminate recirculation zone
result in higher contributing sloshing mass.

3.1.2 Effect of depth ratio
Above experiment set-up is carried out for depth ratio i.e. Δ = 0.131 for case 1. From Table 3 it is observed
that the effectiveness of slope bottom TLD is more as compared to flat bottom TLD  for same depth ratio, Δ =
0.131.

4. SUMMARY AND CONCLUSION
An experimental study on the effectiveness of flat bottom and slopped bottom TLD in controlling the response
of a structure subjected to harmonic ground motion is carried out. The experimental results show that a
properly designed TLD can significantly reduce response of structure. This is because of additional damping
provided to the structure due to increased sloshing. For the given mass ratio, the effectiveness of slopped
bottom TLD with 30º beach slope is significantly higher that compared with flat bottom TLD. The
effectiveness of both flat bottom TLD and sloped bottom TLD increases with increase in mass ratio. In
present investigation the slope bottom TLD with beach slope 30º is found to be more effective.
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ABSTRACT. Tuned liquid dampers (TLD) are passive dampers. A TLD is a tank rigidly attached to the structure and 

filled partially by liquid. When fundamental linear sloshing frequency is tuned to structures natural frequency large 

sloshing amplitude is expected. In this study set of experiments are conducted on flat bottom and slope bottom TLD at 

beach slope 30º, for different mass ratio to investigate the overall effectiveness of TLD and specific effect of TLD 

parameters. This experimental study shows that a properly designed TLD reduce structural response. It is also observed 

that effectiveness of TLD increases with increase in mass ratio. In this experimental study an effectiveness of slope 

bottom TLD with beach slope 30º is investigated and compared with those of flat bottom TLD in reducing the structural 

response. It is observed from this study that efficiency of sloped bottom TLD in reducing the response of structure is 

more as compared to that of flat bottom TLD.  

Keywords: tuned liquid dampers; vibration control; sloshing; energy dissipation; TLD design and base excitation 

  

1. INTRODUCTION 

Large civil engineering structures are frequently exposed to severe dynamic loading from several sources 

including earthquakes and high winds. During high winds the sway motion at the top of a tall building and the 

vertical deflection on long suspension bridges may reach tens of feet. Therefore, one of the most important 

problems facing civil engineers today is to find the ways to reduce the motions of a large civil structure to 

ensure structural integrity and human comfort. 

In the last two decades structural control concepts have received considerable attention for the design of large 

civil structures. Several tall building has been constructed with various types of movement control devices 

installed. Most of these movement control devices are passive devices. The most commonly used passive 

systems are base isolation, visco - elastic dampers, and tuned mass dampers. TLD which can effectively 

control vibrations induced by winds (Kareem A. et al 1999, Tuomo Karna 2009 and Tamura Y. et al 1995) 

and has the potential to mitigate earthquake-induced vibrations as well (Banerji P. et al 2000, Banerji P. and 

Samanta A. 2011, Love J. S. and Tait M. J. 2013, Love J. S. and Tait M. J. 2015, and Zahrai S. M. et al 2012). 

Tuned liquid dampers are passive dampers, it is a tank rigidly attached to the structure and filled partially by 

liquid. When frequency of tank motion is close to one of the natural frequency of tank liquid, large sloshing 

amplitude is expected. If these frequencies are reasonably close to each a resonance will occur. By tuning the 

fundamental sloshing frequency of TLD to the structural natural frequency a large amount of sloshing and 

wave breaking will take place and will dissipate a significant amount of energy (Banerji Pradipta et al 2010).   

1.1Flat bottom and slope bottom TLD 

Tuned liquid dampers with flat bottom have been used as a passive structural control device for quite some 

time. The sloped bottom TLD has been investigated recently by Gardarsson S. (1997) and Gardarsson S. et al 

(2001). Its behavior is markedly different from the more familiar flat bottom TLD. The flat bottom TLD is a 

stiffness-hardening system and displays a beating property (Lepelletier TG. and Raichlen F. 1998), when the 

force of excitation has ceased. The motivation for the use of the sloped bottom tank came from the desire to 

reduce or if possible prevent the phenomenon of beating. 
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Fig. 1         Fig. 2 

Figs 1 and 2: Schematic of recirculation zone at a flat bottom TLD corner and   Streamlines inside a 

sloped bottom TLD showing no recirculation zone 

 

The effective liquid mass, for a sloped bottom TLD is much larger than that of a flat bottom TLD. From a 

fluid dynamic perspective, this was expected, as a relatively large portion of liquid mass does not contribute to 

the sloshing force due to recirculation in flat bottom tank corner as shown in fig. 1.The fig. 2 shows 

streamlines inside a sloped bottom TLD. It is immediately evident how the slope bottom geometry almost 

eliminates the recirculation zones and results in a higher contributing sloshing mass.  

As greater amount of water mass participates in sloshing, in slope bottom TLD, resulting greater magnitude of 

the moment and base shear exerted at the TLD base. Figs. 3 and 4 shows comparative schematic of flat bottom 

and slope bottom TLD tanks, where, H is height of tanks, h is depth of water in tanks, b is width of tanks, L is 

overall length of flat bottom tank, θ is beach slope and Lo is horizontal length of slope bottom tank. 

Fig. 3        Fig. 4 

Figs 3and 4:  Schematic of flat bottom and Slope bottom TLD 

The linear natural frequency of water sloshing motion of a flat bottom TLD can be evaluated using the 

dispersion relation is given by Lamb H. (1932) as; 

𝑓𝑤 =
1

2
  

𝑔

𝜋𝐿
 𝑡𝑎𝑛  

𝜋

𝐿
                     (1) 
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Where 𝑓𝑤  is the frequency,𝑔 is the acceleration due to gravity, h is the water depth and L is the overall length 

of tank. In contrast, it is not simple to evaluate the dispersion relation for sloped-bottom TLD because two 

different slopes viz. horizontal and inclined are involved(GardarssonS.1997).Olson D. E. and Reed D. A. 

(2001)determined the experimental frequency of flat bottom TLD and compared with numerical equation as 

given in Eq. (1) by replacing L by wetted perimeterL1 , defined as 

  

𝐿1 = 𝐿0 +
2

𝑠𝑖𝑛 𝜃
                                         (2) 

Where, L0 is the length of the flat part of slope bottom tank and θ is the beach slope. Using the length L1in 

Lamb’s Eq. (1) instead of L resulted in a fairly close estimate of natural frequency. The only limitations of the 

above equation are that it is not defined for sin𝜃 = 0.  

1.2TLD structure interaction 

The response of SDOF structure coupled with a TLD can be found out, using the following equation. 

 

𝑚𝑠𝑢𝑥   + 𝑐𝑠𝑢𝑥   + 𝑘𝑠𝑢𝑥  =  − 𝑢 𝑔𝑚𝑠  +  𝐹 3  

 

Where, 𝑚𝑠 = mass of the structure, 𝑢 𝑥= the acceleration at the top of structure, 𝑢 𝑥  = velocity at the top of 

structure, 𝑢𝑥  = displacement at the top of structure, 𝑘𝑠= thestiffness of structure, 𝑢 𝑔  = the ground acceleration 

and 𝐹 = total sloshing force imparted by liquid in TLD, which is obtained by solving the equation of 

motionsof water in TLD, i.e. Eqs. (3)-(4). 

  

2. EXPERIMENTAL SET-UP AND TEST PROCEDURE  

Fig. 5 shows a schematic representation of the TLD–structure model used for this study. Unidirectional 

spectral dynamic medium force shaker series shaking table model ( SD-10-240/GT1075M) is used for the 

experiments available at Sardar Patel college of Engineering Andheri (West) Mumbai. It is an 

electrodynamics unidirectional shaking table. It is fully automatic shaking table controlled by central 

computer, besides controlling the shaking table it is also used for data acquisition and processing which is 

done by “Puma software”. The size of table in plan is 1.0 m × 0.75 m. The range of maximum displacement is 

± 51 mm. The maximum operating velocity is 0.18 m/sec and the operating frequency is in between 5 to 3000 

Hz, but it also works for from 0 Hz to 5 Hz. In this shaking table many in-build sensors are attached which 

monitor the activity of shaking table. The data acquisition is done with Oras system. It is an instrument in 

which data can be acquired, stored and analyzed. NVGATE is the software used by Oras to process the data. It 

is having 24 channels and it is more users friendly. 

  The picture of the test setup, specimen, shaking table and the behavior of liquid inside TLD during 

experiment is shown in figs. 6 – 7. The TLD tanks were made up of acrylic sheets, having 5 mm thick side 

walls and 5 mm thick base plate. For flat bottom and slope bottom TLD at beach slope 30º,    four TLD tanks 

were stacked one above the other and rigidly connected to each other to act as a single unit. The free board, 

i.e. the gap between the free surface and the roof of the TLD tank was provided on the basis of numerical 

simulations of the expected water profiles, carried out in advance, and with the objective that wave profiles 

should not be disturbed due to splashing on the roof of the tank during the experiments.  A small notch was 

kept on side wall parallel to the direction of excitation to facilitate pouring water in TLD. This TLD tank unit 

was rigidly connected to the top of structure, which was mounted on the shaking table. The structural model 

was made up of mild steel plates of varying thickness to ensure that the mass given in Table 1 was achieved in 

each case, but thick enough to represent a rigid floor, supported on four high tensile steel rods of 6.3 mm 

diameter, which represent the columns. As welding a high tensile rod makes it brittle , which eventually cause 

it to break even at small displacement , a barrel-and-wedge system was used to connect the both the roof and 

base steel plates rigidly to high tensile rods. This innovative technique offered not only the desired flexible 
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structure but also the flexibility in changing the frequency of this single-degree-of-freedom model by 

changing the position of mild steel plates along the high tensile steel rods. The base plate of structural model 

was directly bolted to the shake table to avoid any relative displacement between the structural base and the 

table. Care was taken to ensure that structure is symmetrical. Accelerometers were placed at the top and at the 

base of the structural model (as shown in fig. 7) to measure structural and base acceleration respectively. 

There were two control accelerometers placed at the two extreme corners at the floor level in the direction 

perpendicular to the direction of motion. These were provided to monitor the transverse and torsion motion of 

the floor. It was consistently noted that these accelerometer gave almost a zero signal, which implies that the 

transverse and torsion motions of the floor are negligible and the motion of the floor is along the direction of 

shaking only, as is evident from Fig. 7. 

The mass ratio, µ, which is the ratio of the water mass in the TLD to the structure mass, was controlled by 

selectively filling water in the individual tanks to the desired depth defined by the depth ratio (∆), which is the 

ratio of the depth of water to the length of tank in the direction of shaking. Therefore, in any experiment it was 

possible to consider four different sets of mass ratios, depending on whether one, two or all four of the tanks 

were filled with water to the desired depth ratio. However, in the actual experiments one, two, or four tanks 

were used for specific mass ratios considered. 

 

 

Fig5: Schematic diagram of TLD structure model 
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Fig 6:Test setup, specimen and shaking Table 

 

 

Fig7:Behavior of liquid inside TLD during the test 

 

2.1Structural properties and TLD parameters 

Tables 1- 2 shows structural properties and TLD parameter considered in this study. A set of experiment is 

planned by considering all aspects of TLD design parameter viz. mass ratio and depth ratio. Mass of TLD tank 

which was rigidly attached to the structure was included in structural mass. Depending upon the structural 

frequency, size of TLD’s is designed by using Eq. 1 for given depth ratio. Width of the tank was adjusted to 

get desired mass ratio for different set of experiments. Structural damping was determined before each set of 

the experiment. Set of TLD-structure was subjected to harmonic sinusoidal motions with different excitation 

frequencies and amplitude of motion is kept constant as 0.039 m/s². 
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Table 1 Structural properties and TLD parameters for flat bottom TLD 

  

Table 2 Structural properties and TLD parameters for slope bottom TLD(beach slope 30º) 

 

Case 

No. 

Mass     

kg 

Structural 

period    

(Ts) sec. 

Structural 

damping   

% 

Tank size   

m                                                                          

Depth 

ratio          

∆ 

Mass ratio                             

µ % 

L                     b 

1 83.379 0.80 1.60 0.1185 0.467 0.077 0.5, 1.00, 2.00 

Where, 

L = Wetted perimeter of slope bottom TLD. 

L =Actual Length of Flat bottom TLD. 

b = Breadth of Flat bottom and Slope bottom TLD. 

 

3 EXPERIMENTAL RESULTS AND DISCUSSION  

The comparison of frequency response graph for structure without TLD and with flat bottom TLD and slope 

bottom TLD are presented in figs. 8 and 9 for case 1. From these frequency response graph it can be observed 

that, slope bottom TLD with 30º slope is more effective in reducing the structure response as compared to flat 

bottom TLD.   

 

 

Fig8: Peak acceleration for different mass ratio and varied β ratio, for flat bottom TLD, (Structural 

type Case 1, Ts = 0.80 sec., ∆ = 0.077, Ao = 0.039 m/s²) 
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Case 

No. 

Mass    

kg 

Structural 

period     

(Ts) sec. 

Structural 

damping  

% 

Tank size  

m 

Depth 

ratio          

∆ 

Mass ratio 

µ % 

L b 

1 83.379 0.80 1.60 0.118 0.392 0.077 0.5, 1.00,2.00 
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Fig 9: Peak acceleration for different mass ratio and varied β ratio, for slope bottom TLD, at beach 

slope 30º(Structural type Case 1, Ts = 0.80, ∆ = 0.077, Ao = 0.039 m/s²) 

 

Figs. 8 and 9 shows a comparison of experimental values of  peak acceleration at the top of structure with both 

flat bottom and slope bottom TLD for harmonic base excitation.The graphs are for varying excitation 

frequency ratio, β, (which is the ratio of the frequency of the harmonic excitation and the fundamental natural 

frequency of the structure) and for different mass ratios, µ. 

Table 3 Percentage reduction in peak structural acceleration for structures with Flat bottom and 

Slopped bottom TLD (beach slope 30°) with different mass ratio (%) – Experimental 
 

Mass 

ratio   µ 

% 

Percentage reduction in peak structural acceleration - 

Experimental 

Flat bottom TLD 
Slope  bottom TLD (beach 

slope 30°) 

Case 1 

∆=0.077 

Ts = 0.80 

Case 1 

∆=0.077 

Ts = 0.80 

0.5% 1.85 13.27 

1% 15.74 16.66 

2% 55.55 56.63 
 

3.1 Effect of mass ratio and depth ratio 

The percentage reduction in peak structural acceleration obtained from experiments both for flat bottom and 

slope bottom TLD (beach slope, θ = 30º) for three different mass ratios are presented in Table 3 for case 1. 

In all experiments and in all the cases the amplitude of base excitation is kept constant as 0.039 m/s². 

Amplitude is low because due to the limitations of experiment setup. The diameter of column size in 

experiment setup is 6.3 mm. At high level excitation the structure will behave nonlinear and will get damaged, 

therefore the amplitude of excitation is restricted.  
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3.1.1 Effect of mass ratio 

From Table 3 it is seen that as mass ratio increases, the effectiveness of both flat bottom and slope bottom 

TLD increases. This is because larger volume of water for a higher mass ratio should absorb and dissipate 

more energy. From a practical point of view, however higher water mass implies a greater space requirement 

to install TLD tank in structure which may not always be feasible. In this study three values of mass ratio i.e. 

0.5%, 1%, and 2% are considered which are small enough to be generally practical at large enough for TLD to 

be effective as a control device.  

The percentage reduction response for slope bottom TLD is more than that of flat bottom TLD for the same 

mass ratio. This is due to relatively large portion of liquid mass does not contribute to sloshing force due to 

recirculation in flat bottom tank corner. While slope bottom geometry almost eliminate recirculation zone 

result in higher contributing sloshing mass. 

3.1.2 Effect of depth ratio 

In Table 3, results are presented for depth ratio i.e. Δ = 0.077 for case 1. From these results it can be observed 

that the effectiveness of slope bottom TLD is more as compared to flat bottom TLD  for depth ratio Δ = 0.077.  

This is because the amplitude of base motion is low i.e. 0.039 m/s². The earlier studies have used data 

originally developed from low excitation level and using shallow water theory (Sun L. M. et al 1989, Fujino 

Y. et al 1992 and Chaiseri P. et al 1989). Further Banerji P. et al (2000) has shown that for low level of 

excitation small depth ratio is more effective. 

  

4. SUMMARY AND CONCLUSION 

An experimental study on the effectiveness of flat bottom and slopped bottom TLD in controlling the response 

of a structure subjected to harmonic ground motion is carried out. The experimental results show that a 

properly designed TLD can significantly reduce response of structure. This is because of additional damping 

provided to the structure due to increased sloshing. For the given mass ratio, the effectiveness of slopped 

bottom TLD with 30º beach slope is significantly higher that compared with flat bottom TLD. The 

effectiveness of both flat bottom TLD and sloped bottom TLD increases with increase in mass ratio. In 

present investigation the slope bottom TLD with beach slope 30º is found to be more effective.  
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ABSTRACT: Chiplun city has been developing place due to 
the steady increase in city population which is in term 
resulted in the increase of domestic sewage generated but 
there is no treatment plant. So it is required a sewage 
treatment plant with sufficient capacity  to  treat  the  
generated sewage.  Sewage treatment to operation are done 
by various method in order to reduce its water and organic 
content and the ultimate goal of wastewater management the 
protection of environment and public health. In one day total 
sewage generated was estimated 10MLD considering the 
projected population of chiplun city for the next 30 year. The 
various component of sewage treatment plant are screening, 
grit chamber, primary sedimentary tank, biological reactor, 
secondary clarifier, activated sludge tank, drying beds. It is 
proposed to design various component of STP, considering the 
various standards. The treated water will be supplied for 
irritating the crops and sludge which generated after 
treatment will be used as manure. So it increases the fertility of 
soil. Also reduce ground water usage. 
 

Key Words: BOD, COD, TDS, Trickling filter 
 

INTRODUCTION: 
 

Waste water treatment plants consumes large amount of 
energy. Waste water is liquid waste discharged by domestic 
residences, commercial properties, industries and   
agriculture which often contains some contaminants that 
result from mixing of waste water from different sources. 
The disposal of waste water into the surface water bodies 
leads to serious problem and affects the people in health 
aspects. Especially in the urban areas, the pollution of 
domestic effluent discharges into nearby surface bodies 
creating problem for the public. Waste water or sewage 
treatment is one such alternative, wherein many processes 
are design and operated in order to mimic the natural 
treatment processes to reduce pollutant load to a level that 
nature can handle. 
 

Due to rapid growth of industrialization there is increase in 
sewage waste. 70-80% of water Become sewage. There are 
chemical industries which have CETP that can handle less 
amount of effluent so there is a large amount of effluent from 

plant to stream. Instead of treating sewage, discharging it to 
open atmosphere, the groundwater and surface water get 
polluted, sewage water contains pathogenic bacteria, and it 
may spread communicable disease. Due to this, the nearby 
villages and environment gets affected. And nearby soil is no 
more fertile. To overcome this problem we are going to 
design STP and to increase efficiency of existing STP by 
modification in the conventional design. 
 

Chiplun city has been developing place due to the steady 
increase in city population which is in term resulted in the 
increase of domestic sewage generated but there is no 
treatment plant. So it is required a sewage treatment plant 
with sufficient capacity to treat the generated sewage. 
Sewage treatment to operation are done by various method 
in order to reduce its water and organic content and the 
ultimate goal of wastewater management the protection of 
environment and public health. In one day total sewage 
generated was estimated. 
 
10MLD considering the projected population of chiplun city 
for the next 30 year. The various component of sewage 
treatment plant are screening, grit chamber, primary 
sedimentary tank, biological reactor, secondary clarifier, 
activated sludge tank, drying beds. It is proposed to design 
various component of STP, considering the various 
standards. The treated water will be supplied for irritating 
the crops and sludge which generated after treatment will 
be used as manure. So it increases the fertility of soil. Also 
reduce ground water usage. 
 

STUDY AREA 
 
Chiplun is a city and a tehsil in Ratnagiri District in the state 
of Maharashtra, India. It is the Head Quarter of Chiplun 
Taluka. It is located on the Mumbai Goa Highway (NH66). 
The city is about 320 Kms south of Mumbai in the Konkan 
Region of Maharashtra. It is a fast developing city in Konkan 
region of Maharashtra. It is a fast developing city in konkan 
with a strong cultural background. 
 

Chiplun city consists of total 13 wards. The climate here is 
tropical rainfall is significant most months of the year. 
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Extending from march to may this season is hot with average 

temperature ranges between 22 to 40 oC. The average 

annual temperature is 27.3 oC in chiplun city. About 
3973mm of precipitation falls annually .Coordinates of 

chiplun city is 17.53o N and 73.52o E. 
 

 
 

SAMPLING 
 

Sr.no. Sector Latitude Longitude 

1 Sector 1 17.53652 73.52103 

2 Sector 2 17.52942 73.51835 

3 Sector 3 17.5246 73.5316 

4 Sector 4 17.52318 73.53669 

5 Sector 5 17.51806 73.51806 

6 Sector 6 17.53804 73.50883 

7 Sector 7 17.53519 73.5081 

8 Sector 8 17.54827 73.49038 

9 Sector 9 17.53051 73.51063 

10 Sector 10 17.53143 73.51449 

11 Sector 11 17.52814 73.52229 

12 Sector 12 17.52508 73.52203 

13 Sector 13 17.52226 73.51577 

 

 
 

Fig 3.1 SAMPLE COLLECTING POINTS BY USING GOOGLE 
EARTH 

 

pH testing 
 

The pH of a solution is measured as negative logarithm of 
hydrogen ion concentration. At a given temperature, the 
intensity of the acidic or basic character of a solution is 
indicated by pH or hydrogen ion concentration. pH values 
from 0 to 7 are diminishing acidic, 7 to 14 increasingly 
alkaline and 7 is neutral. 
 

 
 

BOD testing 
 
BOD is defined as the amount of oxygen require by the 
microorganisms in oxidizing the biologically degradable 
organic matter under aerobic conditions. It is an empirical 
test in which standardized laboratory procedures are used    
to    determine    the    relative    oxygen requirements waste 
water, effluents, and polluted waters. It is necessary to dilute 
the sample depending upon the oxygen demand in the 
sample. The samples with low DO values are aerated to 
increase the DO content above that required by BOD. DO of 
one portion of aerated sample is determined and other 
portion is incubated for BOD determination. Complete 
stabilization of a given waste theoretically requires infinite 
period. Hence 5 day period has been accepted as standard. 
 

 
 

TDS testing 
 

The term total dissolved solids refer to materials that are 
completely dissolved in water. 
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These solids are filterable in nature. It is defined as residue 
upon evaporation of filterable sample. The term total 
suspended solids can be refer to materials which are not 
dissolved in water and non-filterable in nature. It is defined 
as residue upon evaporation of non-filterable sample on a 
filter paper 
 

 
 

COD testing 
 

Chemical oxygen demand is defined as the amount of oxygen 
that is required to chemically oxidize the organic matter in the 
presence of a strong oxidizing agent. The dichromate reflux 
method is used for COD determination. In the reflux 
condensers the sample is boiled without significant loss of 
volatile organic compounds. The oxidizing agent used is 
potassium dichromate, which oxidizes the hydrocarbons. 
Mercuric sulphate prevents the interference of chlorides. 
After digestion the remaining potassium dichromate is 
titrated with ferrous ammonium sulphate. The oxygen 
equivalent is calculated in terms of potassium dichromate 
consumed. 
 

 
 
 
 
 
 
 
 
 

Design of STP component 
 

 

 
 

Fig 4.1 SCREENING CHAMBERS 
 

 
 

Fig 4.2 GRIT CHAMBER 
 

 
 

Fig 4.3 SEDIMENTATION TANK 
 

 
 

Fig 4.4 TRICKLING FILTER CONCUSION 
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The average ranges of physical, chemical and biological 
characteristics of waste water quality are experimented and 
found out. 

 

 The pH ranges from 5.94 to 7.46 
 Total amount of waste water treated = 14.64 MLD. 

 The BOD ranges from 0 to 90 mg/l 
 The parameters studied resemble the waste water 

quality 
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Abstract:Composite column are structural members, which are mainly subjected to forces and end moments. 

The steel tube serves as a formwork for casting the concrete, which reduces the construction cost. No other 

reinforcement is needed since the tube itself act as a longitudinal and lateral reinforcement for the concrete 

core. The Concrete filled steel tube member has many advantages compared with the conventional concrete 

structural member made of steel reinforcement. Concrete filled steel tubes are frequently used for columns, 

caissons, piers & deep foundations because of their large compressive stiffness. These composite sections have 

the rigidity and formability of reinforced concrete with the strength and speed of construction associated with 

structure, thereby making them economical. In the present study, an experiment is conducted on rectangular 

and square hollow structural steel with and without infill under compression and flexure. The infill material 

used in the hollow sections is conventional concrete and light weight concrete with chemical bond and 

mechanical bond. Compression and flexure tests are performed on the specimens and the behavior of the 

specimens are plotted. The behavior of hollow specimens with and without infill is observed from the experiment 

also effect of bonding between the concrete and steel is obtained. The results obtained from the experimental 

work are compared with numerical study by Finite Element Modeling using ANSYS. 

Keywords:Concrete Filled Steel Tube Column, Compression, Flexure, Chemical Bonding, Mechanical Bonding, 

Araldite GY 257 IN, ARADUR 140, Angles 
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I. Introduction 
A steel-concrete composite structural member contains both structural steel and concrete elements 

which work together..A concrete-filled steel tubular (CFST) column is formed by filling a steel tube with 

concrete. It is well known that concrete-filled steel tubular (CFST) columns are currently being increasingly 

used in the construction of buildings, due to their excellent static and earthquake-resistant properties, such as 

high strength, high ductility, large energy absorption capacity, bending stiffness, fire performance along with 

favorable construction ability etc. Recently, the behavior of the CFST columns has become of great interest to 

design engineers, infrastructure owners and researchers. Two types of composite columns, those with steel 

section encased in concrete and those with steel section in-filled with concrete are commonly used in buildings.  

There exist applications in Japan and Europe where CFST are also used as bridge piers. Recently in 

Australia, Singapore, and other developed nations, concrete-filled steel columns have experienced a renaissance 

in their use. The major reasons for this renewed interest are the savings in construction time, which can be 

achieved with this method. Concrete filled steel tubular columns have been utilized in dwelling houses, tall 

buildings and many types of arch bridges. Steel hollow sections used as reinforcement in this composite 

structure. CFST columns have established an appropriate loading capacity, ductility and energy absorption 

capacity. The steel tube acts as the formwork for casting the concrete and hence, construction cost is reduced. 

There is no other reinforcement and the tube acts as longitudinal and lateral reinforcement for the concrete core. 

An evaluation of available experimental studies shows that the main parameters influencing the behaviour and 

strength of concrete filled steel tubular columns are slenderness, the diameter to wall thickness (D/t) ratio and 

the initial geometry of the column. The major benefits include: 

 The steel column acts as permanent and integral formwork.  

 The steel column provides external reinforcement.  

 The steel column supports several levels of construction prior to concrete being pumped. 

 

II. Experimental Investigation 
The tests were performed in four series in each series consist of 12 specimens. First two series are for 

compression test consist of square and rectangular cross sections column. Other two series are for flexure test 
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consist of square and rectangular cross sections beams. Square columns and beams having sizes 72 mm x 72 

mm x 2.4 mm and having lengths 432 mm and 500 mm respectively. Rectangular columns and beams having 

sizes 95 mm X 50 mm x 2.4 mm having lengths are 300 mm and 500 mm respectively. Each Series consist of 12 

specimens of which 3 specimens were cast for normal concrete with chemical bonding, 3 specimens were cast 

for normal concrete with mechanical bond, 3 specimens were cast for no-fines concrete with chemical bond, and 

last 3 specimens were cast without infill. The thicknesses of all hollow section used were 2.4 mm. Table 1 and 

table 2 shows the specimens used for compression and flexure tests. 

 

 
 

Table 1. Specifications for composite column 

 

 
Table 2. Specifications for composite beam 

 

III. Results and Discussion 
3.1 Observation on Compression Test 

 

The observations made during the experimental work are as follows.  

       1. Failure of square composite column with normal concrete and chemical bond under compression. The 

failure is as shown in the fig.1 

The heights of these types of columns used in the experiment were 432 mm. majority of the column failed due 

to buckling of the column near to middle portion. Especially in the normal concrete mostly failure took place at 

the middle of the column. 
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2. Failure of square composite column with normal concrete        and mechanical bond under compression. The 

failure is as shown in the fig.2 

       Majority of these columns failed due to buckling of the column either at the top or at the bottom was 

observed. Especially in the normal concrete mechanical bonding failure took place at the top as well as at 

bottom of column. 

 
Fig.2 Failure of NMS-C 

 

3. Failure of square composite column with no-fines concrete and chemical bond under compression. The failure 

is as shown in the fig.3 

The heights of these types of columns used in the experiment were 432 mm. Initially the failure of concrete took 

place in no-fines concrete infill later composite action took place. In composite column yielding of steel is 

observed at the middle portion.  

 

 
Fig.3 Failure of NFCS-C 

 

4. Failure of square hollow column under compression. 
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       Majority of these columns failed due to buckling of the column either at the top or at the bottom was 

observed. Especially in the hollow square column buckling failure took place at the bottom of the column. The 

failure is as shown in the fig.4 

 
Fig.4 Failure of HS-C 

 

5. Failure of rectangular composite column with normal 

concrete and chemical bond under compression. The failure is as shown in the fig. 5 

The heights of these types of columns used in the experiment were 300 mm. majority of the column failed due 

to buckling of the column either at the top or at the bottom. Especially in the normal concrete mostly failure 

took place at the top of the column due to buckling.  

 

 
Fig.5 Failure of NCR-C 

 

6. Failure of rectangular composite column with normal concrete and mechanical bond under compression. The 

failure is as shown in the fig.6 

The heights of these types of columns used in the experiment were 300 mm. majority of the column failed due 

to buckling of the column either at the top or at the bottom. Especially in the normal concrete mostly failure 

took place at the top of the column. 
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Fig.6 Failure of NMR-C 

 

7. Failure of rectangular composite column with no-fines concrete and chemical bond under compression. The 

failure is as shown in the fig.7 

The height of the column used in the experiment was 300 mm. Initially the failure of concrete took place in no-

fines concrete infill later composite action took place. In composite column yielding of steel is observed at the 

middle portion. 

 

 
Fig.7 Failure of NFCR-C 

 

8. Failure of rectangular hollow column under compression. 

Majority of these columns failed due to buckling of the column either at the top or at the bottom was observed. 

Especially in the hollow rectangular column failure took place at the bottom of the column. The failure is as 

shown in the fig.8 

 

 
Fig.8 Failure of HR-C 

 

3.2 Observation on Flexure Test 

 

The flexure test is performed in the universal testing machine by applying    concentrated load at the center of 

the specimen. The span of the composite specimen used for flexure test is 400 mm. the specimens were 

observed to fail at 110 kN. The crack pattern of the specimen occurred at the bottom of specimen. The observed 

failure pattern is as shown in the figure below. 
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Fig.9 Failure of the composite beam section 

 

3.3 Load v/s Deflection Relationship between all types of square columns for compression test 

 
Fig.10 Load v/s deflection relationship for HS-C, NCS-C, NMS-C, NFCS-C 

 

Table 3. Summary of compression test results    

Infill 

type 

Bonding 

type 
Column Specifications 

Ultim

ate 

Load 

(kN) 

max 

.defor

matio

n 

(mm) 

Hollow  

Square 

HSC1 
182.0

5 
2.32 HSC2 

HSC3 

Rectangular 

HRC1 
129.5

8 
2.06 HRC2 

HRC3 

Normal 

concret

e 

Chemica

l Bond 

Square 

NCSC1 
358.6

1 
20.84 NCSC2 

NCSC3 

Rectangular 

NCRC1 
259.7

6 
15.46 NCRC2 

NCRC3 

Normal 

concret

e 

Mechani

cal Bond 

Square 

NMSC1 
456.7

8 
19.91 NMSC2 

NMSC3 

Rectangular 

NMRC1 
325.4

4 
14.68 NMRC2 

NMRC3 



Performance of Hollow Sections with and Without Infill under Compression…. 

www.ijesi.org                                                                         73 | Page 

 

 

 

 

 

 

3.4 Load v/s lection 

Relationship between all types of rectangular columns for compression test 

 
Fig.11 Load v/s deflection relationship for HR-C, NCR-C, NMR-C, NFCRC 

 

3.5 Load v/s Deflection Relationship between all types of square beams for flexure test 

 
Fig.12 Load v/s deflection relationship for HS-F, NCS-F, NMS-F, NFCS-F 

 

3.6 Load v/s Deflection Relationship between all types of rectangular beams for flexure test 

 
Fig.13 Load v/s deflection relationship for HR-F, NCR-F, NMR-F, NFCR-F 

Table 3. Summary of compression test results 

No-

fines 

concret

e 

 

Chemica

l Bond 

Square 

NFCSC1 

204.4 5.42 NFCSC2 

NFCSC3 

Rectangular 

NFCRC1 
171.5

5 
5.18 NFCRC2 

NFCRC3 
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Table 4. Summary of flexure test results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

IV. Numerical Analysis 
The nonlinear analysis of composite sections is done by using ansys workbench release 16.2. 

Element type 

In this step selection of materials has been done i.e. concrete and structural steel. 

 

4.1 Concrete (Solid 65) 

SOLID65 is used for the three-dimensional modeling of solids with or without reinforcing bars 

(rebar’s). The solid is capable of cracking in tension and crushing in compression. In concrete applications, for 

example, the solid capability of the element may be used to model the concrete while the rebar capability is 

available for modeling reinforcement behavior. Other cases for which the element is also applicable would be 

reinforced composites (such as fiberglass), and geological materials (such as rock). The element is defined by 

eight nodes having three degrees of freedom at each node: translations in the nodal x, y, and z directions. Up to 

three different rebar specifications may be defined. 

Infill 

type 

Bondi

ng   

type 

Beam Specifications 

Ultima

te 

Load 

(kN) 

Max.

Defle

ction 

(mm) 

Hollow  

Square 

HSF1 

25.23 12.24 HSF2 

HSF3 

Rectangula

r 

HRF1 
 

21.90 
3.44 HRF2 

HRF3 

Normal 

concret

e 

Chem

ical 

Bond 

Square 

NCSF1 

88.7 33.40 NCSF2 

NCSF3 

Rectangula

r 

NCRF1 

84.46 44.13 NCRF2 

NCRF3 

Normal 

concret

e 

Mech

anical 

Bond 

Square 

NMSF1 

103.71 31.40 NMSF2 

NMSF3 

Rectangula

r 

NMRF1 

106.18 58.52 NMRF2 

NMRF3 

No- 

fines 

concret

e 

 

Chem

ical 

Bond 

 

Square 

NFCSF1 

58.11 66.82 NFCSF2 

NFCSF3 

Rectangula

r 

NFCRF1 

59.71 70.19 NFCRF2 

NFCRF3 
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Fig.14 Solid 65 element 

 

4.2 Steel (Link 8) 

A link 8 element is used to model steel reinforcement. This element is a 3-D spar element and it has two nodes 

with three degrees of freedom translations in the nodal x, y and z directions. This element is capable of plastic 

deformation and element is shown in figure below,  

 
Fig.15 Link 8 element 

 

Table 5. Compressiontest results for NCS-C 

 Column 

name 
Experimental Numerical 

Normal 

chemical 

square 

Load 

(kN) 

Deformation 

(mm) 

Load 

(kN) 

Deformation 

(mm) 

0 0 0 0 

40 0.16 40 0.1520 

80 0.57 80 0.5446 

120 1.03 120 0.9683 

160 1.49 160 1.406 

200 1.97 200 1.8429 

240 2.89 240 2.7015 

280 5.93 280 5.5564 

320 17.2 320 15.621 

340 19.15 340 17.183 
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Fig.16 Deformation of NCS-C 

 

 
Fig.17 Deformation of NCS-C 
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Fig.18 Deformation of NCS-C 

 

 

 

 
Fig.19 Comparison of experimental and FEA    results of NCS-C under compression 

Table 6. Flexural test results for NCR-F 
 

 

 

 

 

 

 

Column 

Name 
Experimental Numerical 

Normal 

chemical 

rectangular 

Load 

(kN) 

Deflection 

(mm) 

Load 

(kN) 

Deflection 

(mm) 

0 0 0 0 

10 0.09 10 0.08858 

20 0.20 20 0.1890 

30 0.53 30 0.4977 

40 1.01 40 0.9863 

50 1.30 50 1.2679 

60 1.96 60 1.8323 

70 3.80 70 3.4098 
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Fig.20 Deflection of NCR-F 

 
Fig.21 Deflection of NCR-F 

 

 
Fig.22 Deflection of NCR-F 
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Fig.23 Comparison of experimental and FEA results of NCR-F under flexure 

 

V. Conclusions 

From experimental investigation of hollow as well as composite columns and beams following conclusions are 

derived, 

1. The strength of the hollow section with infillednormal concrete is observed to be greater than the hollow 

section without infilled concrete and other forms of composite section in compression as well as in flexure.  

       The percentage increase in the compressive strength of    the square composite section as compare to hollow 

section is as shown below, 

 Composite columns with chemical bonding - 45 to 50%.  

 composite columns with mechanical bonding - 60 to 65%  

 Composite columns with No-fines concrete - 10 to 20%  

 

The percentage increases in the flexural strength of rectangular composite section as compare to hollow section 

isas shown below, 

 Composite section with chemical bonding -70 to75% 

 Composite section with  mechanical bonding –70 to 80%  

 Composite columns with No-fines concrete – 55 to 65% 

 

2. The compressive strength of square normal concrete composite section with mechanical bonding is maximum 

as compared to the other types of square and rectangular hollow sections, square and rectangular composite 

sections such as chemical bond with No-fines concrete and chemical bond with normal concrete 

 

3. The flexural strength of rectangular normal concrete composite section with mechanical bonding is maximum 

as compared to the other types of square and rectangular hollowsections, square and rectangular composite 

sections such as chemical bond with No-fines concrete, chemical bond with normal concrete. 

 

4. The experimental results of NCS-C and NCR-F are compared with the numerical analysis results of same 

composite sections. In comparison with the experimental results the numerical study shows similar variation. 
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Abstract: Brick are widely used construction and building 
material around the world. Bricks are prepared from 
natural waste material (coconut waste). Soil is used as a 
binding material for natural waste material. The main 
objective of the present study is to reduce the quantity of soil 
with natural waste material. The coconut fibers are used to 
make light weight bricks. The coconut fiber which otherwise 
is land filled has been utilized to make construction bricks 
that serves a purpose of solid waste management. Also for 
environmental protection and sustainable development, 
extensive research has been conducted on production of 
bricks from waste material. These waste is used to reduce 
the quantity of soil as there is a greater storage of soil in 
many parts of world. The bricks are prepared by coconut 
fibers with varying composition of soil reduced the quantity 
of soil (10%-25%) respectively. The prepared bricks are 
tested in compression strength machine for getting 
compressive strength of bricks. 

Keywords: Bricks, Coconut Fiber and Shell, Soil, 

Environmental friendly, Compressive Strength. 

1. INTRODUCTION: 

Bricks have been a major construction and building 
material for a long time. The worldwide annual production 
of bricks is currently about 1391 billion units and the 
demand for bricks is expected to be continuously rising. 
Conventional bricks are produced from soil with high 
temperature kiln firing. It is also noted that there is a 
shortage of in many parts of the world. To protect the clay 
resource soil and the environment, some countries such as 
China have started to limit the use of bricks made from 
clay. Coconut is a versatile product and has multiple uses. 
Almost all the parts of a freshly grown coconut, eatable or 
otherwise, are used in some or the other manner. India is 
one of the leading coconut producers in the world, 
producing 13 billion nuts per annum. Fired bricks are 
made by using soil –sand mixes with different percentages 
of rice husk ash. The firing durations at 9000C were 
respectively 2, 4 and 6 hours. The effects of rice husk 
content on workable mixing water content, Atterberg 
limits, linear shrinkage, density, compressive strength and 
water absorption of the bricks were investigated.  The 
results indicated that the inclusion of rice husk, increased 
the compressive strength of bricks. The bricks made of soil 

–coconut fibers–rice husk, shell mixes could be used for 
construction purpose. 

Objectives 

1) Check the feasibility of coconut waste as a partial 
replacement for soil in the preparation of bricks. 
 
2) To reduce the quantity of Soil for making bricks with 
natural waste materials 
 
3) To use waste Material (coconut shell & fiber) in 
construction units. 
 
4) Study the behavior of compressive strength and water 
absorption 
 
5) Compare the result with conventional brick. 

 

2. EXPERIMENTAL WORK 

 

              In our experimental process, we are using soil as 
binding material for coconut waste bricks. Starting with 
the collection of material required as brick making soil is 
collected from Dasturi-khed and coconut waste collected 
from local vendors and various temples of khed. We are 
preparing the bricks of size 20cm x 10cm x10cm which is 
nominal size of brick and for that mould of same size is 
fabricated. The soil is sun dried for 15 days for various 
test. Coconut waste is utilized for preparing bricks in the 
manner where it was previously go through the process of 
removing the husk and cut into the pieces of size 6 cm to 
7cm and shell was crushed to size of pieces of 2cm to 3cm 
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in machine. After that rice husk and water mixed in to soil 
and treated coconut waste is mixed with that mixture and 
requied water is added. The bricks are prepared with 
varying compositions and left sun drying for 10 to 12 days 
and further it was burnt at kiln. 

 
3. MATERIALS 

3.1 Soil: 

Laterite soils are red in colour due to little clay and more 
gravel of red sand-stones.Laterite soils have a high clay 
content, which mean they have higher Cation Exchange 
Capacity and water-holding capacity than sandy soils.They 
are formed under condition of high temperature and 
heavy rainfall with alternate wet and dry periods. 

 
 

Fig-1: Soil 

 
3.2 Coconut fiber 
 
Coconut fiber is a natural fiber extracted from the husk of 
coconut. It is the fibrous material found coconut. Coconut 
fiber cells are narrow and hollow, between the hard, 
internal shell and outer coat of a with thick walls made of 
cellulose. Each cell is about 1 mm (0.04 in) long and 10 to 
20 μm (0.0004to 0.0008 in) in diameter. Fibers are 
typically 10 to 30 centimeters (4 to 12 in) long. 
 

 
 

Fig-2: Coconut Fibers 
 

3.3 COCONUT SHELL 
 
Coconut Shell is the strongest part covered in coconut 
fruit. Coconut shell is located in between the coconut flesh 
and coconut husk. 
 

 
 

Fig-3: Coconut Shell 
 
3.4 RICE HUSK 
 
Rice husks are the hard protecting coverings of grains of 
rice. In addition to protecting rice during the growing 
season, rice husk can be put to use as building material, 
fertilizer, fuel. 
 

 
 

Fig-4 : Rice Husk 
 
3.5 WOOD SAWDUST 

Sawdust used is generated from the mechanical 
processing of raw wood in the sawing process. Sawdust is 
used in its original form and taken from its disposed area 
near the timber manufactures in the local region. 

 

Fig-5: Wood Sawdust 

4. TEST ON SOIL 

4.1. Moisture Content 

Moisture content is defined as the ratio of the 
mass/weight of water to the mass/weight of water to the 
mass/weight of soil solids.  
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    The three soil samples having moisture content 25%, 
50%, 25 % due to presence of water content. The average 
value of moisture content in soil sample is 34%. 

 

Chart-1: Moisture Content 

4.2. Liquid Limit 

A liquid limit is the moisture content expressed as a 
percentage of the weight of over-dried soil, at which soil 
changes from a plastic to a liquid state. As per conducted 
experimental test results are 33.33%, 42.85%, 50%, 50% 
and average result is found that the liquid limit of soil 
sample is 44%. 

 

Chart-2: Liquid Limit 

4.3. Plastic Limit 

The plastic limit of soil is the water content of the soil 
below which it ceases to be plastic. It begins to crumble 
when rolled into threads of 3mm diameter. From the 
experimental test result is found that the water content in 
soil sample is 36.20%. 

4.4. Plasticity Index 

Plasticity Index (Ip) is the difference between liquid limit 
and plastic limit. According to the calculation the value of 
plasticity index is 7.8  

Table No-1: Geotechnical properties of soil 

Sr. No. Name of Tests Results IS Code 

1. Moisture 
Content 

34% IS 2720 (Part 
VIII), 1983 

2. Liquid Limit 44% IS 2720 (Part V) 

3. Plastic Limit 36.20% IS 2720 (Part V) 

4. Plasticity Index 7.8 IS 2720 (Part V) 

 

5. TEST ON BRICK 

5.1. Compressive Strength 

 
 

Fig-6: Compressive strength machine 
 
The compressive strength of a brick is done by preparing 
the specimen adding suitable waste of coconut fiber, 
coconut shell and rice husk in various proportions such as 
10%, 15%, 20% and 25%. 

Table No-2: Comparative Result of Compressive Strength 
 

Sr 
No. 

Soil  

(%) 

Waste 

(%) 

Avg. value of 
comp. strength 
without waste 

(N/mm2) 

Avg. value of 
comp. strength 

with 
waste(N/mm2) 

1 100 0 5 5 

2 90 10 5 4.33 

3 85 15 5 4.17 

4 80 20 5 3.83 

5 75 25 5 2.7 
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Chart 3: Compressive strength test 

5.2. Water Absorption Test 

The weigth of a quantity of water absorbed to the weigth 
of brick expressed as a percentage is the water absorption 
capacity of brick. The strength of brick depends upon its 
water absorption capacity. The water absorption of a brick 
is done by preparing the specimen adding suitable waste 
of coconut fiber, coconut shell and rice husk in various 
proportions such as 10%, 15%, 20% and 25%. The results 
obtain are  
 

 
 

Fig-7: Water absorption test 
 

Table No-3: Water absorption results 
 

Sr. 
No

. 

% of 
wast

e 

Avg. Wt. of 
brick before 
absorption(k

g)w1 

Avg.Wt. 
of brick 

after 
absorptio
n(kg)W2 

% of water 
absorption 

1 0 2.18 2.53 16.35 

2 10 2.05 2.42 18.17 

3 15 1.92 1.31 20.21 

4 20 1.82 1.23 22.91 

5 25 1.69 2.15 26.96 

 

Chart-2: Water absorption test 

Table no 4: Result: Light weight Brick 

Sr.  

No. 

Wt. of 
Soil in 

(%) 

Wt. of 
Waste 

(%) 

Avg. value of wt. of Brick 

Unburnt Brick 
(kg) 

Burnt 
Brick (kg) 

1. 100 0 2.54 2.18 

2. 90 10 2.42 2.05 

3. 85 15 2.26 1.92 

4. 80 20 2.17 1.82 

5. 75 25 2.02 1.69 

 

CONCLUSION: 

On the basis of experimental investigation the following 
observation are made: 

1. It is observed that if the percentage of soil reduces 
then the compressive strength of bricks decreses. 

 
2. It is noted that as a soil content is reduces brick 

become lighter in weight 

 
3. Maximum strength is achieved after replacing 

10% and 15% of soil by coconut waste. 

 
4. At 25% of waste the water absorption of brick is 

26.96% and compressive strength of brick is 2.7 
N/mm2so it is not suitable for construction 
purpose. 

 
5. Coconut waste can be easily handled and utilized 

for making light weight brick 

Future scope: 

1. Light weight bricks are easy to handle and transport. 
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2. High compressive strength, better workability, light 
weight etc. all these qualities of bricks will increase its 
future scope of construction work. 
 

3. The effective way of utilizing waste material leads to 
clean environment. 

 
4. Since the bricks have not been used on large scale for 

the construction work. But it has good scope in future, 
because these bricks is being manufactured from the 
waste material like rice husk, coconut waste.  
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Characteristics of English for Science and Technology 

 

ABSTRACT 

English for Science and technology i.e. EST is a sub category of the larger and vast field of English 

for Specific Purposes. It itself belongs to ESP approach that started soon after the II world war. 

The world was mainly dominated by technology and commerce as the source of survival. The aim 

of educational institutions was to develop such an education system that will benefit people who 

wanted to learn English for specific purposes of science and commerce.  The area of English for 

Science and Technology i.e. EST  

“is known to have been developed especially rapidly. English for Science 

and Technology has always set and continues to set the trend in theoretical 

discussion, in ways analysing language and the variety of actual teaching 

materials” (Swales, 1985). 

 

Then many of the academicians and theorists commenced producing the EST courses. These 

courses would prioritize such the aspects of English language that might meet their needs. Though 

the sub-category of the larger and vast filed of ESP, English for Science and Technology carries 

its own characteristics. The present research paper aimed to state the characteristics of English for 

Science and Technology.  

Keywords: ESP, EST,  

 

English for Specific Purposes is known as the ESP. It makes the use of an underlying methodology 

for language learning purpose. It is clearly observed that the language learning activities and 

methodology used in the EST classroom are completely varied from General English classroom.  

Learners in EST classroom are doctors, scientists or technologist. They require English to cope up 

with the global market requirement so that they focus on English for Science and Technology as 

the aspect of English for Specific Purposes. 
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English language speakers in science and technological fields in EST easily form their own 

linguistic community. The methodology used in EST has therefore consolidated the notion of a 

linguistic community within scientific disciplines. It emphasizes vocabulary as well as the kinds 

of tasks normally required in these fields. The need analysis of communication of the learners is 

the gist of course designs.  

 

The language used in EST is more specialized to a particular field. It expects to help the user better 

describe, interpret and explain the various steps in the scientific process. While vocabulary in the 

form of technical and scientific terms may be an important element for this purpose, language 

structures are also critical and essential. It is stated that EST and ESP are not new categories of 

learning that eliminate General English as a branch of learning but rather a new section to 

compliment learning of English. Additionally EST should not be separated from language teaching 

and learning approach in general but should make great use of theories activities to learn language 

for learning specific aspect. Swales rightly said that ESP and its branches still undergo constant 

change and development. 

CHARACTERISTICS OF ENGLISH FOR SCIENCE AND TECHNOLOGY 

Being classified as the division of ESP, EST writing varies from other ESP wiring like EOP. It is 

used as a communicative medium to transfer the information rather than emotions or expression 

in science and technology area. The writing is formal in style and conveys only the information 

that it contains to the readers. English for science and Technology demonstrates the following 

characteristics. 

USE OF PUNCTUATION 

Texts prescribed for EST curriculum are generally quite long. The complexity of the sentence 

structure can be observed that impede the understanding the texts of English for Science and 

Technology. In order to create better understanding, the authors follow punctuations frequently in 

EST texts. 

COMPLEX PARAGRAPHING ALONG WITH THE LONG AND HEAVY WORDS 

The authors aim to describe the scientific facts, explain the scientific conceptions. So they never 

consider reader’s expectations. They intend to communicate the exact information to the readers 

so that their texts get complexity of sentences due to the use of long and heavy words in a 

paragraph. The readers observe complex paragraph while going through the same. They interact 

with the complex words especially in mathematics.  

USE OF TECHNICAL TERMS 

Texts introduced in the Scientific and technical texts are based on the science and technical subject 

or topics, it is obviously that the readers reading the English for Science and Technology find 

frequent use of technical terms in such kind of texts. Due to the use of technical terms, readers find 

the texts difficult to understand as compared to General English. 
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DEPENDENT PHRASES AND CLAUSES 

It is the common feature of EST texts. Authors make the use of preposition like ‘of’ or ‘in’ in the 

sentences to relate the objects in the texts so it is seen that one phrase or clause functions as the 

dependent on another phrase.  

 

FREQUENT USE OF LONG AND COMPLEX SENTENCES 

The sentence length in EST texts is found to be larger than General English texts. The paragraph, 

though deal with the unique idea, observes complex patterns of sentences. Generally the sentences 

are long and complex. Readers don’t find easily texts comfortable to grasp. 

COMPLEX NOUN PHRASES WITH NOUN MODIFIERS 

Noun phrases in English for Science and Technology, as compared to General English, are 

complex in structure. It is clearly seen that maximum nouns are used as the modifiers in a single 

noun phrase. The texts in science and technology contain more abstract concepts like definitions 

of objects, principles and conclusion. Noun phrase carry such information in a compact and dense 

form. 
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Abstract: 

Media, a product of society, plays a vital role in nation s 

development. It is known, in other word, as a tool for the betterment 

of the society. It works as a mirror of a society which reflects the 

actual shades of a society & nation. It helps to fill up the lacunas 

in thedevelopment of a nation. India is a democratic country. 

Democracy means "A system ofgovernment in which all the people 

of a country can vote to elect their representatives. In Indiancontext, 

media from its existence has been playing an important role in 

shaping Indian minds. The present paper is a study of the 

relationship of media & nation s development 

The phrase 'Media': 

A medium is a "channel of communication. It is a means 
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through which people send andreceive information. The printed 

word is a medium of communication. When we read anewspaper 

or any magazine, something is communicated to us in some way. 

Similarly, electronicforms of communication like television and 

radio are the forms of media. 

"Media" comes from the plural of the Latin word medium, 

and it is used as acollective noun to refer to television, radio, 

newspapers, magazines, films, the InternationalNetwork ( Internet), 

etc. The media can be examined either in terms of broadcast media, 

or printmedia. Further, a medium is described asa channel of 

communication, such as print or radiowhich focuses on a single 

sensory receptor. 

The phrase the media first used inthe 1920s in the world. This 

phrase, in the beginning, was generally restricted to print media 

until the post-second world war, when radio,television & video 

were introduced as the mass media.In 21stcentury, mass media 

could be classified into eight mass media industries like books, 

newspapers, magazines, recordings, radio, movies (Cinema), 

television & the internet 

Print Media in National Development: 

The history of media initiates in the form of print media with 

the arrival of first newspaper in 1605 namely Relation 

allerFürnemmen und GedenckwürdigenHistorien(Accounts of all 

distinguished &commemor able news), in German language, at 

Strasbourg(Holy Roman Empire). In India, print media in the form 

of newspaper was introduced namelyThe Bengal Gazette. Print 

media (newspaper, magazine, book and posters) industry performs 

a vital role in the development of nation. It is even today considered 

as an important part where electronic media isstill not reached. 

Newspaper, particularly rural newspaperhas the potential 

ofcontributing tonational development. Newspaper has enough 

space for in-depth reportage of development issues, news and 

information. It has the potential for informed interpretation and 

analysis of issues thereby helping to put issues in proper 

perspectives. It reaches beyond the place and time and has flexibility 



BISC Vol 4 • Issue 12• Dec 2017 •  ISSN 2395-3748 77 
 

 

which ensures easy comprehension and retention of media content. 

Print media like newspaper encourages mass education and literacy 

by motivating or encouraging readership habits among illiterate 

and new literate ones. Gandhiji has rightly said about theobjects 

and strengths of the print media like newspaper. He said that"One 

of the objects of a newspaper is to understand the popular feeling 

and giveexpression to it; another is to arouse among the people 

certain desirable sentimentsthe third is fearlessly to expose popular 

defects." 

- Mahatma Gandhi (The Story of My Experiments with Truth) 

Electronic Media in National Development: 

The category Electronic media includes many of the forms 

but the major concern here is on radio, television and film as they 

are the predominant electronic media modes that are mostly 

employed in communications for national development 

Radio: 

Radio is considered as an effective in reaching the rural masses 

in any country other than channels of mass media of 

communication. Radio is the most widespread and accessible. 

Theimplication is that radio by its nature has some potential that 

make it the most effective mediatool for national development. 

Radio appeals to illiterate audience within their language and dialects 

only. It is also useful to break distance barriers as its reach is 

amazingly wide and highly penetrating. It is also relatively cheap to 

procure compared to other channels of mass communication. It is 

only media which appeals to audio sense in which case one can 

easily get exposed to it while doing other things. 

Television: 

Television though it is the advanced form of mass media seems 

to be the most least applied electronic medium to national 

development. However, television also helps to develop the nation 

as it has some potential that make it an effective medium. Television 

appeals to sensesof audio-visual and breaks language and illiteracy 

barriers of audience. 
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Film/cinema: 

Another electronic medium that is worthy of discussion here, 

is film/cinema. It helps to break literacy barriers via indigenous 

film. Film helps to create a feeling of empathy among the target 

audience. The audio-visual powers of film can often r e-awaken a 

feeling of curiosity among the viewers. This stimulates sense of 

loyalty among viewers who can now learn new ideas, tasteand ideals 

through exposure to the film promotingspirit of oneness, peace 

and communalism. 

Media and Political Development: 

The media has rightly affected politics and culture in India. 

The exercise of freeexpression of opinions allows all sectors to 

debate and construct solutions for political problems.The mass 

media form an important bridge between government and people. 

Accountability of political leaders to the people; transparency in 

political, economic and social affairs; recognition of the views and 

opinions of the public in the formulation of policiesand providing 

citizens the opportunities to discuss, without fear of intimidation, 

policies and issues, constitute the measure of good governance. 

Media and Social Development: 

To play a role in social development, the media assist the society 

in tackling problems of corruption, criminal violence, communal 

conflicts, public health and related issues. Media from its revolution 

in India has been an effective tool of social devilment. The curses 

gifted to society from time immemorial like Sati System, child 

marriages, dowry systems eradicated due to the help of the mass 

media only. Articles published in newspapers or debate continued 

on Television brought into the light social issues regarding social 

inequality or gender discrimination and gave the different angles 

to the thinking of common people and are solely responsible for 

social development. 'BahishkrutBharat' by Dr. B.R. Ambedkar and 

'Harijan' by Mahatma Gandhi can be listed as the notable examples 

of such media. 
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Media and Economic Development: 

Media boosts economic development in India by promoting 

good governance and empowering citizens. For economy to grow, 

it requires the enabling environment for businesses and investments 

to flourish. The media can provide atmosphere for healthy trade; 

foster business climate of transparency and accountability; and 

ensure that accurate financial information is available to potential 

investor. 

Conclusion: 

In conclusion, media, accelerating the speed of mass 

communication, plays an important role in nation s development 

and that can t be denied. Media helps to control the government 

on the right track. To achieve the development of nation, society 

should create a favourable environment for the effectiveness of 

media and should consider it as another pillar of nations 

development. 
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Abstract 
India is a multicultural place which is well known country for accommodating citizens of different religions, 

languages and cultures. Indian classroom are not the exceptions for it in case of its typical traditional educational 
system. Indian classroom is also made up of the learners of different religions, castes and languages and teacher in India 
plays an important role in teaching-learning activity. He is the responsible factor to shape the learners where he is 
regarded as a ‘Guru’. Since time immemorial, India has followed the Gurukul system where the disciple is observed 
thoroughly by the teacher where he gets more contact hours but the time is changed and modern era is occupied with the 
modern learning-learning classroom system. The oldest ashram system is replaced with the modern classroom teaching 
system. In this system, it is rightly observed that the teacher i.e. Guru is not limited to his or her traditional and routine 
task of teaching but he started playing more different roles and tasks. In this case, teacher has the divine task to mentor 
students in case of learning activity.  Teachers in Indian classroom have been trying to penetrate English culture as a 
second language or the language of opportunities. They find somehow more difficult to teach English culture, history, 
language to non-native learners of English language. 

The present paper is the study of the problems of learning and teaching English in India where the classrooms 
are full of learners’ of different religion, caste whose first language is not English.  
Keywords: Multicultural, COs, PEOs, competent, Electronic Media, assignments 

 
We all know well that language is the passion of the quality to acquire and use complex systems of 

communication, particularly the human ability to do so, and a language is any specific example of such a 
system. ‘Language’ is the English word which is derived from the Latin ‘lingua’. This word is used to refer to 
codes and ciphers. A language in this sense is a system of signs for encoding and decoding information. 
Human language is unique in comparison to other forms of communication, such as those used by non-human 
animals. Communication systems used by other animals such as bees or apes are closed systems that consist 
of a finite, usually very limited, number of possible ideas that can be expressed. Language is an integral part 
of our existence where we cannot imagine our life without it. It helps to fulfill our needs. Learners learn 
language for existence. In addition to this, the concept ‘Globalization’ gave the vast scope to the learning of 
language as the language of information and instruction in all sectors where English enjoys the highest status 
of demands. So the learning of mother tongue is not enough in 21st century. English opened the doors of 
opportunities to the learners as to keep in touch with many of the branches of knowledge in science, 
commerce, engineering and technology.  

English plays an important role in India today. Judging from certain trends it appears that the 
influence of English is on the increase rather than on the decrease in India. The English newspaper yield great 
power. The number of books published in English is far more than those published in any other Indian 
language. English is still used in offices, High Courts, State Legislative Assemblies and the Parliament. More 
and more public schools where the study of English starts right from the first class are being opened. It has 
become a matter of prestige to get admission to such institutions where English is considered as the prominent 
language of instruction and knowledge.  

English rightly serves as a link language in the country that facilitates the government policies to be 
implemented in all states of India where English is the second language. English is considered as an important 
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language as an educated person from one state is able to converse with his counterpart in another State only 
through the medium of English.  It is also the language of trade and industry in the country. Learning and 
speaking English as a second language in multilingual and multicultural country like India where English is 
not a mother tongue is a big challenge. Learners learn English mostly with translation method where the 
actual sense of English is lost most of the times. As the learners don’t get the suitable environment at home 
and school, it has created many of the problems where learners don’t find comfortable with English or don’t 
command over English language. Problems of learning English from the point of view of the learners and 
teaching point of the view of teachers can be discussed as under: 
Lack of Objectives of Learning the Specific Course 

The education system in India still follows the traditional pattern. The policy or syllabus framers 
consider the importance of English language from the exam point of view. Syllabus framers still have not 
upgraded the syllabus commercially and practical oriented. There is lacking of Course Outcomes (COs) of 
every course in English. Not only learners but teachers engaged in teaching English as a second language lack 
the objectives of teaching and learning English language in the class. The learners don’t know the programs 
outcomes they are appearing for. They are unaware of Program Educational Outcomes (PEOs). They just 
complete education sometimes blindly or imitating the traditional education system. They don’t go for 
learning English for their professional development but to secure marks or somewhere in rural areas learners 
consider English as a language or discipline of prestige.   
Large Number of Students in Classroom 

Considering the population of India, the number of students attending the class is a challenge to 
Indian education system. As the parents of learners do think about English language as a matter of prestige in 
society, many of the parents admit their children in English medium school despite of their financial condition 
or learners’ understanding level or interest. Due to this, classrooms are overcrowded that consist of around 
100 to 110 students. Teachers who do teach in classrooms don’t pay personal attention to every learner. They 
do also not expect maximum participation of the students so the learners are not so much serious in activities 
and consider the minimum passing score in each activity. 
Lack of Competent Teachers in India 

Teachers always play the most significant role in the teaching of English in bilingual patterns of 
contemporary in India. Teachers of English are not fully competent to give full justice to their work and 
assignments. There is a shortage of teachers. Those available have just passed the school final examination. 

It is ironical to find that many teachers who didn’t offer teaching of English in their training and 
school education teach English at their workplace. The real teachers concentrate on degree rather than 
knowledge. Teachers are unaware of current knowledge and usage of English. They themselves require 
training of commercial or business English. 
Shortage of Time or Insufficient Contact Hours   

The number of contact hours (lectures) of teachers on teaching English has been drastically reduced. 
The syllabus framers included some new subjects in the syllabus and reduced importance given to English. 
Learners don’t get sufficient practice of speaking of English due to shortage of lecture duration. In 21st 
century, teachers have changed their attitudes towards teaching profession. They now think in a professional 
way except the sacred duty of knowledge imparting so they also behave in a professional way and hence they 
hardly think about learners’ development rather than their wages or salaries. They don’t give extra time apart 
from their contact hours fixed by university or board of study.  
Traditional Classroom Teaching Method 

Teaching method used in Indian classroom is somehow faulty. Teachers teaching the lesson pick up 
the passages, give or write the difficult words on writing board with the meanings and translate the lines or 
passages in first language then finally give the assignments to the learners. Learners imitate the same method 
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that results most of the time in funny situation. Teachers are still making the use of traditional use of teaching 
in class. 
Implementation of Examination Oriented Education System  

Learners of English language in India are usually the puppets of examination and marks. The 
education system is fully examination centered and score based. Learners do not have positive attitude 
towards the learning outcomes. They learn the English language not to acquire it but to score good in the 
exam so the attitude towards English language is not interest based but exam based. 
Insufficient Provision of Electronic Medias in Traditional Classes 

The success of language learning process depends on a pillar of education i.e. teacher. Teacher is 
expected to bring changes in his teaching methods as per the level of learner’s understanding & changing 
demands of education system. However, it has been discovered that many teachers are yet to upgrade 
themselves with technological developments in education system. They can make the use of OHP, LCD 
projector, Computer and mobile too. But it is observed many of the teachers still are unaware of using 
Smartphone or latest technologies.  
Wrong Method of Teaching English Language 

The majority of teachers in Indian classroom still make the use of translation method of teaching 
English. Learning speech in English is neglected. The students don’t get the suitable environment and much 
time to practice in speaking the language. They are unable to converse in English. Learners before presenting 
the text in English think in their native language so they literally do word to word translation that may create 
confusion in the mind of listeners or changes the actual meaning of the paragraph or text. Teachers involved in 
the education system are themselves unaware with the new techniques of teaching the language. 
 
Conclusion  

 If Indian education system considers such challenges in teaching and learning English in Indian 
context and tries to overcome the same by using techniques in their day today teaching, then we can develop 
learning competence among Indian students and make our education system more effective. 
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The effect of crack geometry on stiffness
of spring steel cantilever beam

V Khalkar and S Ramachandran

Abstract

The survival of the crack in structures always keeps the structure away from performing well in applications due to significant

changes in its dynamic response. It has been observed that in service the size of the crack in structures increases with time

and finally it leads to its catastrophic failure. Hence it is crucial to do the vibration study of cracked beams in regard of free

vibration-based crack detection and its crack classification. Until now the vibration-based nondestructive testing methods

are applied to many spring steel cracked cantilever beams for its possible crack detection. However, the effect of various kinds

of practical cracks, i.e. V-shaped, U-shaped and rectangular-shaped open cracks, on the applicability of these methods has been

overlooked. In order to investigate this issue, artificially cracks are made on the cantilever beam. By free vibration analysis, the

effect of crack geometry, crack depth, and crack location on the beam stiffness is investigated. In this study, the stiffness of

each cracked case is computed by the deflection methods and vibration methods to ensure the strong validation. The stiffness

results obtained from V-shaped, U-shaped and rectangular-shaped crack models for the same configuration are compared

with each other and it is found that the results of the stiffness are comparatively more sensitive to U-shaped crack models.

Through vibration study, it is found that spring steel structures are slightly sensitive to the change in crack geometries as long

as the vibration characteristics are concerned. Hence, it is obvious that free vibration-based crack detection method can

satisfactorily predict the location and depth of the crack in any spring steel structures irrespective of the crack geometries.

Apart from this, it is also found that for the same configurations, EN 8 and EN 47 cracked cantilever beams give the identical

structural integrity or structural stability property for all the cracked cases. Lastly, it is also found that as the crack depth

increases by keeping the crack location constant, the stiffness of the beam decreases.

Keywords

Stiffness, natural frequency, U-shaped crack, V-shaped crack, EN 8, ANSYS

Introduction

Spring steel materials are widely used in various structural applications in the automotive, civil and mechanical

industries. One typical application of spring steels in structures is beam. In machinery and civil structures,

members in the form of cantilever-type of beams are widely used. Common examples are turbine blades, cantilever

type of bridges, and tall building structures. A defect-like crack in a beam develops with time and gives terrible

failure of the beam, hence vibration-based crack detection and its classifications are important issues in the regard

of its condition monitoring. Sadettin1 studied the cracked cantilever beam for the free and forced vibration

analysis. This study primarily deals with the identification of the crack parameters in a beam. Single- and two-

sided cracks were evaluated for the vibration parameters, i.e. natural frequency and resonant amplitude.

The results of this study suggest that free vibration analysis provides the suitable information either for detection

of single- or double-edged cracks and on the other hand forced vibration information is appropriate to detect the
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single-edged crack condition. Zhong and Oyadiji2 considered the polynomial function for the obtaining the
transverse deflection of the cracked beam. The polynomial function represents the effect of a crack.
Vigneshwaran and Behera3 studied the dynamic characteristics of a beam with multiple breathing cracks. For
developing theoretical expressions for evaluation of natural frequencies and mode shapes, a systematic approach
has been adopted in this study. For performing the dynamic analysis, a simple elastic, simply supported beam with
two breathing cracks is considered. The concept of influence coefficient is used to determine the cracked beam
stiffness. Sadettin et al.4 introduced the new crack model, not like the widely known V-shaped crack.
They investigated the effect of crack depth on the natural frequency of a composite beam. Krawczuk et al.5 studied
the cracked composite beam and found that vibration parameters like natural frequency changes due to the presence
of crack in a composite beam. Dirr and Schmalhorst6 studied the propagating crack that causes the slender uniform
round shaft to shake about its major axis. Experiments using a stationary shaft are also performed. To measure the
crack depth and the actual shape of the cracked cross section, beach marks have been used. Khanna and Singhal7

presented a mathematical model to analyze the vibration of a tapered isotropic plate under thermal condition.
Tapering in the thickness of rectangular plate is considered bi-parabolic. They assumed the temperature variation bi-
linearly, i.e. variation in the temperature along the X and Y directions. The first two modes of the rectangular plate
are calculated for the various boundary conditions. Liu et al.8 developed an optimal delayed feedback control
methodology to mitigate the primary and super harmonic resonances of a flexible, simply supported beam with
piezoelectric sensor and actuator. Stable vibratory regions of the feedback gains are obtained by using the stability
conditions of eigenvalue equation. Attenuation ratio is used to evaluate the performance of vibration control by
taking the proportion of the peak amplitude of primary or super harmonic resonances for the suspension system
with and without controllers. The piezoelectric optimal controllers are designed to control the dynamic behavior of
the nonlinear dynamic system. It is found that the optimal feedback gains obtained by the optimal method result in
good control performance. Xia et al.9 built up an optimized support vector regression model to predict the damping
ratio of the cantilever beam with particle damper. Then, the optimal parameters are adopted to construct the
support vector regression models. Cross validation combined with support vector regression is used in this research
and is compared with the genetic algorithm-support vector regression method. The experimental results demonstrate
that the proposed genetic algorithm-support vector regression model provides better prediction capability. Beni
et al.10 provided the new model by using the couple stress theory for the anisotropic carbon nanotubes. In this
research study, they used the Hamilton’s principle and then motion equation and boundary conditions of carbon
nanotubes are extracted by considering the couple stress theory. After that, equations are solved by using the
analytical solution method. Lastly, the carbon nanotube is investigated for the anisotropic effect.

From the literature survey, it has been found that V-shaped, rectangular-shaped and U-shaped cracks fre-
quently occur in structures. The presence of such cracks in structures is universal and it leads to change the
structure dynamics to a considerable degree. In earlier studies, a cracked cantilever beam was investigated for the
free vibration by considering mainly the natural frequency. Less work seems to be reported for the cracked
cantilever beams study by considering the stiffness, hence it needs attention. In this study, U-shaped and
rectangular-shaped crack models are introduced together with a regular V-shaped crack model in order to inves-
tigate the effect of defect geometry change on the stiffness of a cantilever beam by free vibration analysis. This
investigation is required to evaluate the applicability of free vibration-based methods for the crack detection.

Theoretical method of analysis of natural frequency of an uncracked cantilever beam

and its application to cracked beams

The schematic diagram of an uncracked cantilever beam subjected to zero frequency point load is shown in
Figure 1. From Figures 5 and 7, it is observed that the deflection curve of a cantilever beam at zero frequency is
approximately similar to the curve obtained when the beam vibrate with the first natural frequency. Hence, the
integration-based approach is applied to an uncracked cantilever beam to get its kinetic energy. Then the formula
of the potential energy of the beam is also derived. Lastly, energy principle is used to derive the natural frequency
formula shown in equation (1) of an uncracked cantilever beam11

fn ¼ 1

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k

0:2357m

r
(1)

where K and 0.2357m are the stiffness and the effective mass of an uncracked cantilever beam.
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Equation (1) is used to find the natural frequency of uncracked cantilever beam. Then this formula is extended

towards the cracked cantilever beam to obtain its stiffness by using a reverse engineering approach.
In this research study, the computed difference between an intact beam mass and cracked beam mass (with

largest crack depth) was negligibly small. Therefore, in the vibration analysis (equation (1)), the mass of cracked

beams were treated same as the mass (m) of an intact beam.
Vibration method: For obtaining the stiffness of any cracked case by a vibration method (equation (1)), one

particular procedure is followed, i.e. initially, the natural frequency for the cracked case of interest is computed by

a modal analysis, and then it is substituted in equation (1) to get the stiffness of the same cracked case by using the

reverse engineering approach.
Deflection method: For obtaining the stiffness of any cracked case of interest by a deflection method, one

particular procedure if followed, i.e. 100 N loads were applied at the free end of a cracked cantilever beam to get

its zero frequency deflection in the direction of applied load. Then the stiffness of the same cracked case was

computed by using a conventional formula (Stiffness¼Load/Deflection or zero frequency deflection).

Simulated crack configurations

In this study, a total of 54 cracked specimens of EN 8 and EN 47 materials were considered in order to investigate

the effect of different kinds of open cracks on the stiffness of a cantilever beam.
Geometric properties: The length and cross-sectional area of the beam are 0.36 m and 0.02� 0.02 m2, respectively.

The properties of EN 8 and EN 47 material were tested in ELCA Lab, Pune, India and are presented in Table 1.
Two separate crack cases were considered, i.e. case 1 and case 2.
Case 1: In this case, 27 cracked specimens of EN 8 material are considered. This case was subdivided into three

subcases. In the first subcase, V-shaped cracked cross section was considered on nine specimens. Of these nine

specimens, three specimens carry cracks at 80 mm location, and the next three specimens carry cracks at 160 mm

location and the remaining three specimens carry cracks at 240 mm location from the cantilevered end. At these

locations, the crack depths were varied from 5 mm to 15 mm with an interval of 5 mm. The case with V-shaped

crack is shown in Figure 2. The second and third subcases were similar to the first subcase, with the only difference

that instead of V-shaped crack cross section, U-shaped and rectangular-shaped cracked cross sections were con-

sidered for the second and third subcases, respectively. The case with the U-shaped crack and the case with the

rectangular-shaped cracked are shown in Figures 3 and 4, respectively.
Case 2: Case 2 is similar to case 1, the only difference is that instead of EN 8 material, EN 47 material was

chosen for the cracked specimens.

Figure 1. A schematic diagram of an uncracked cantilever beam subjected to zero frequency point load.11
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Finite element modeling and analysis

ANSYS 12.1 finite element program was used to determine natural frequency and zero frequency deflection of

cracked beams. For this purpose, a rectangular area was created. This area was extruded in the third direction to

get the 3D model. Then at the required location, a small rectangular area of required dimensions of crack was

created and extruded. Then a small volume of crack was subtracted from a large volume of cantilever beam to

obtain a cracked three-dimensional model. The width of the crack is taken as 0.5 mm. For finite element modeling

of a cracked beam, solid 95, solid 185 and solid 186 elements were used. Each element gave the same result for the

natural frequency and the zero frequency deflections. Hence for all the simulations, 20 node structural solid

element (solid 186) was selected for modeling the beam because of the presence of some special features of

element, i.e. stress stiffening, large strain, and large deflection. Finite element boundary conditions were applied

on the beam to constrain all degrees of freedom of cantilevered end of the beam. The Block Lanczos eigenvalue

solver was used to calculate the natural frequencies of cracked beams. Mesh independent study was also carried

out to study the effect of mesh size on the natural frequency of cracked beams. In mesh independent study, it was

observed that the results of natural frequency were independent of the mesh size. To get the stiffness of a cracked

beam, 100 N loads were applied at the free end (tip) of the beam to get the zero frequency deflection. Few natural

frequencies and zero frequency deflection plots are shown in Figures 5 to 8.

Table 1. Material properties of EN 8 and EN 47 spring material.

Property EN 8 EN 47

Modulus of elasticity (E) 2.104� 1011 1.95� 1011

Density (q) 7820 7800

Figure 2. Cracked cantilever beam with V-shaped crack.

Figure 3. Cracked cantilever beam with U-shaped crack.

Figure 4. Cracked cantilever beam with rectangular-shaped crack.
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Figure 5. Natural frequency plot: EN 8 V-shaped cracked specimen; L1/L¼ 0.222; a/H¼ 0.25.

Figure 6. Natural frequency plot: EN 47 U-shaped cracked specimen; L1/L¼ 0.222; a/H¼ 0.25.

Figure 7. Zero frequency deflection plot: EN 8 V-shaped cracked specimen; L1/L¼ 0.222; a/H¼ 0.25.

Figure 8. Zero frequency deflection plot: EN 47 U-shaped cracked specimen; L1/L¼ 0.222; a/H¼ 0.25.
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Results and discussion

In this study, the stiffness of a cracked cantilever beam that had different crack depths and different crack
geometries are investigated by the deflection methods and vibration methods. Then the relationship between
different cracked cross sections and stiffness is investigated. Similarly, the relationship between different cracked
depths and stiffness, and the relationship between different cracked locations and stiffness are also investigated.
The natural frequencies computed by the numerical analysis for EN 8 and EN 47 cracked cantilever beam are
presented in Tables 2 and 3, respectively. The results of the stiffness obtained by the deflection methods and
vibration methods for the various cracked cases are presented in Tables 4 and 5. The results of the stiffness
computed by the deflection methods give some variation with respect to the stiffness computed by the vibration
methods due to some changes in the flexural rigidity of the cracked beams. The results obtained by the vibration
methods are comparatively more reliable.

The percentage variation of stiffness between the V-shaped and U-shaped cracked cases with crack location
ratio is shown in Figures 9 and 10. From Figures 9 and 10, it is revealed that the percentage variation of the
stiffness between the V-shaped and U-shaped crack models is below 10% for all the cracked specimens of steel,
EN 8 and EN 47 materials. It means that the variation between stiffness corresponding to change in the crack
geometries is only a minor effect. Therefore, it is evident that spring steel materials are slightly sensitive to the
changes in crack geometries as long as the vibration characteristics are concerned. The free vibration-based crack
detection method uses the effect of stiffness and natural frequencies as a basic criterion for predicting the crack
parameters in structures. Hence, this implies that a free vibration-based crack detection method satisfactorily
predicts the location and depth of the crack in structures irrespective of the presence of various types of crack
geometries, i.e. V-shaped, U-shaped, and rectangular-shaped open cracks.

Table 2. The first numerical bending natural frequency of EN 8 cracked cantilever beams.

Crack

position (mm)

Crack depth

ratio (%)

Natural frequency (Hz)

V-shaped

crack

U-shaped

crack

Rec. shaped

crack

80 25 125.83 125.33 125.50

50 112.62 111.18 111.72

75 80.261 76.27 77.20

160 25 128.15 127.96 128.02

50 122.84 122.13 122.37

75 104.23 100.27 101.19

240 25 129.17 129.15 129.16

50 128.23 128.12 128.17

75 123.74 122.85 123

Table 3. The first numerical bending natural frequency of EN 47 cracked cantilever beams.

Crack

Position (mm)

Crack depth

ratio (%)

Natural frequency (Hz)

V-shaped crack U-shaped crack Rec. shaped crack

80 25 121.29 120.813 120.98

50 108.56 107.17 107.69

75 77.367 73.52 74.421

160 25 123.53 123.35 123.40

50 118.41 117.73 117.95

75 100.47 96.65 97.54

240 25 124.51 124.49 124.50

50 123.61 123.50 123.54

75 119.28 118.42 118.56
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Table 4. Comparison of the stiffness of EN 8 cracked cantilever beams.

Crack

position (mm)

Crack depth

ratio (%) Methods

Stiffness K (N/m)

V-shaped crack U-shaped crack Rec. shaped crack

80 25 Deflection method 171526.1 170068 170648.5

Vibration method 165887.7 164571.9 165018.7

Percent error 3.287 3.231 3.299

50 Deflection method 139470 135685.2 136925.7

Vibration method 132885.3 129508.7 130769.8

Percent error 4.721 4.552 4.495

75 Deflection method 71581.96 71022.73 67024.13

Vibration method 67492.43 60910.35 62450.58

Percent error 5.713 14.238 6.823

160 25 Deflection method 175746.9 175131.4 175131.4

Vibration method 172061.1 171551.3 171712.2

Percent error 2.097 2.044 1.952

50 Deflection method 156739.8 154321 155279.5

Vibration method 158097.6 156275.3 156890.1

Percent error 20.866 21.266 21.037

75 Deflection method 103092.8 100704.9 96899.22

Vibration method 113823.3 105338.6 107280.5

Percent error 210.408 24.601 210.713

240 25 Deflection method 178890.9 178571.5 178571.4

Vibration method 174811.1 174756.9 174784

Percent error 2.28 2.136 2.12

50 Deflection method 171232.9 170068 170357.8

Vibration method 172276 171980.6 172114.9

Percent error 20.609 21.124 21.031

75 Deflection method 141242.9 136612 137174.2

Vibration method 160422.7 158123.3 158509.7

Percent error 213.579 215.746 215.553

Table 5. Comparison of the stiffness of EN 47 cracked cantilever beams.

Crack

position (mm)

Crack depth

ratio (%) Methods

Stiffness K (N/m)

V-shaped crack U-shaped crack Rec. shaped crack

80 25 Deflection method 158982.5 157728.7 158227.9

Vibration method 153749.7 152535.2 152964.8

Percent error 3.291 3.292 3.326

50 Deflection method 129199 125786.2 126422.3

Vibration method 123169.7 120035.8 121203.4

Percent error 4.666 4.571 4.128

75 Deflection method 66313 65832.78 62111.8

Vibration method 62556.98 56722.76 57883.56

Percent error 5.664 13.838 6.807

160 25 Deflection method 162866.5 162337.7 162337.7

Vibration method 159481.1 159016.6 159145.6

Percent error 2.078 2.045 1.966

50 Deflection method 145137.9 143061.5 143884.9

Vibration method 146534.9 144856.7 145398.6

Percent error 20.962 21.254 21.052

75 Deflection method 95510.98 93283.58 89766.61

Vibration method 105496.3 97634.63 99436.89

Percent error 210.454 24.664 210.772

(continued)
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From Figures 11 and 12, it is observed that as the crack depth increases at any unique location, the stiffness
decreases for both EN 8 and EN 47 cracked cases of a cantilever beam. It is also observed that the change in
dynamic response for U-shaped and rectangular-shaped cracked cases are comparatively more significant than the
V-shaped cracked cases for the same configuration. It means that the effect of change in stiffness for the U-shaped
and rectangular-shaped cracked cases are comparatively on the higher side than the V-shaped cracked cases with
respect to the stiffness of intact beam as shown in Figures 11 and 12. Hence, the free vibration-based crack

Table 5. Continued.

Crack

position (mm)

Crack depth

ratio (%) Methods

Stiffness K (N/m)

V-shaped crack U-shaped crack Rec. shaped crack

240 25 Deflection method 165837.5 165562.9 165562.9

Vibration method 162021.5 161969.5 161995.5

Percent error 2.301 2.17 2.154

50 Deflection method 158478.6 157728.7 157977.9

Vibration method 159687.7 159403.6 159506.9

Percent error 20.762 21.061 20.967

75 Deflection method 130890 126582.3 127064.8

Vibration method 148696.1 146559.6 146906.4

Percent error 213.603 215.782 215.615
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Figure 9. Percentage variation of stiffness between V-shaped and U-shaped cracked models with crack location ratio of EN 8 can-
tilever beams.
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Figure 10. Percentage variation of stiffness between V-shaped and U-shaped cracked models with crack location ratio of EN 47
cantilever beams.
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detection method can efficiently predict the location and size of either U-shaped or rectangular-shaped crack in
structures than the V-shaped crack of the same configuration due to the relatively strong vibration signal.

From Figures 13 and 14, it is also observed that at 80 mm crack location from the cantilevered end, when the
depth of crack increases, the stiffness of the beam decreases for all the spring steel materials, i.e. EN 8 and EN 47.
It is also observed that for all the crack depths, i.e. 5 mm, 10 mm, and 15 mm, the value of stiffness of the
U-shaped cracked cases is comparatively on the lower side than the V-shaped and rectangular-shaped cracked
cases and this holds true for all the spring steel materials. It means that the results of the cracked beam stiffness
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are more sensitive to the presence of U-shaped cracks than the other kinds of cracks. For the same crack con-

figuration, the U-shaped cracked specimen gives comparatively less effect of flexural rigidity (EI) in the beam than

the V-shaped cracked specimen and rectangular-shaped cracked specimen. This is the reason that the U-shaped

crack model gives comparatively less stiffness than other crack models for the same configuration.
From Figures 15 and 16, it is found that, as crack geometry changes, i.e. V shaped, U shaped, and rectangular

shaped, the stiffness of the cracked beam also somewhat changes and this is because of the small changes in

the flexural rigidity (EI) of the beam. The change in the stiffness of the cracked beam leads to change in its

natural frequency.
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From Figures 15 and 16, it is also found that, when the location of the crack increased from the cantilevered end,
by keeping the crack depth constant, then the stiffness increased. The crack which is nearer to the cantilevered end of
the beam produces larger bending moment at the crack and on the other hand, the crack which is nearer to the free
end of the beam produces less bending moment at the crack. Hence, the stiffness is found to be less for the cracked
case in which crack remains nearer to the fixed end and more for the cracked case in which crack remains nearer to
the free end of the beam as shown in Figures 15 and 16. It is also observed that for the same configurations, the
stiffness of V-shaped cracked model is comparatively on the higher side than the U-shaped and rectangular shaped
crack model. This is because of the higher flexural strength of the V-shaped cracked model.

Figure 17 gives the percentage variation of the stiffness between V-shaped and U-shaped cracked cases for the
same configurations of EN 8 and EN 47 beams. From Figure 17, it is found that for all the crack depths, i.e. 5 mm,
10 mm and 15 mm, the percentage variation of the stiffness between V-shaped and U-shaped cracked cases remains
the same. It signifies that for the same configuration, the structural integrity property or structural stability property
of EN 8 and EN 47 cracked cantilever beam remains identical. The same integrity property of a cracked EN 8 and
EN 47 beams causes to change its dynamic response by the same amount, i.e. stiffness and natural frequency.

Conclusions

By free vibration study, it is possible to diagnose the defects that arise in structures with time. The stiffness of each
cracked case of a beam is evaluated by the deflection methods and vibration methods. The computed stiffnesses by
a vibration method are in agreement with the deflection method. In this study, free vibration of spring steel-
cracked cantilever beams that have different crack-shaped geometries, crack depths, and crack locations are
investigated. From free vibration study of a cracked cantilever beam, the following conclusions can be drawn.

1. Spring steel structures are somewhat sensitive to the change in crack shape geometries as long as the vibration
characteristics are concerned.

2. Free vibration-based crack detection method can satisfactorily predict the location and depth of the crack in
structures irrespective of the crack geometries, i.e. V-shaped, U-shaped, and rectangular-shaped crack.

3. Free vibration-based crack detection method can more approximately predict the location and size of either
U-shaped and rectangular-shaped crack in structures than V-shaped cracks of the same configuration.

4. Vibration monitoring on such structures can be coupled with finite element free vibration analysis in order to
determine the severity of damage or defects in such structures.

5. The results of stiffness of cracked spring steel cantilever beams are comparatively more sensitive to the presence
of U-shaped cracks than V-shaped and rectangular-shaped cracks of the same configuration.

6. The integrity property or structural stability property of EN 8 and EN 47 cracked cantilever beams are
identical as far as the vibration characteristics are concerned.

7. When the crack depth increased by keeping the crack location constant on any spring steel cantilever beam,
then its stiffness decreases.

8. At constant crack depth, when the crack location increased from the cantilevered end, then its stiffness increases.
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Appendix

Notation

a depth of the crack, m
A cross-sectional area of beam, m2

B breadth of beam, m
H height or depth of beam, m

a/H crack depth ratio
E modulus of elasticity, N/m2

fn natural frequency, Hz
I moment of inertia of the beam, m4

MX bending moment, N-m
L length of the beam, m
L1 location of the crack from the cantilevered end, m

L1/L crack location ratio
K stiffness of the beam, N/m
m mass of the beam, kg
EI flexural rigidity of a cracked beam, N-m2

q density of beam, kg/m3

q0 mass of the beam per unit length, kg/m
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Development of Experimental Setup
for Measurement of Stored Hydrogen
in Solids by Volumetric Method

Rohan Kalamkar, Aneesh Gangal and Vivek Yakkundi

Keywords Hydrogen storage � PC isotherms � Kinetics � Gas absorption/
desorption

1 Introduction

Energy plays an important role in human activity. The rapid depletion of crude oil
reserves and environmental problems associated with petroleum combustion give
rise to an urgent need to establish an alternative fuel for the transport sector. One of
the possible alternatives to the transport fuel is the use of Hydrogen. Technologists
working in this field feel that Hydrogen Energy System will be a solution to the
projected global crisis in energy supply because of its properties like abundance,
inexhaustibility, cleanliness and convenience. It is highly reactive and reacts with
almost all elements in the periodic table. The safety record has been excellent in
production as well as transportation. Hydrogen is high in energy (heating value
127 MJ/kg) and for sourcing electrical power to applications, fuel cell technology
used. Applications can use fuel cell as a battery which is constantly replenished by
adding Hydrogen and Oxygen as fuel to prevent the fuel cell performance deteri-
oration [1]. The Hydrogen based application requires Hydrogen generator and
storage medium. Hydrogen can be stored in a number of states, as a compressed
gas, cryogenic liquid and component in a solid chemical media. Particularly, fuel
cell vehicle, storing sufficient Hydrogen on board is a key issue. Conventionally,
Hydrogen is stored as compressed gas in high-pressure cylinders or as a liquid in
cryogenic containers. Since these methods are energy intensive and have associated
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safety issues, Hydrogen storage in the form of solid compounds is considered to be
a promising option [2]. The extremely low density of hydrogen 0.089 kg m−3

makes the storage of it a major hurdle in implementation of Hydrogen fueled
applications [3]. Significant research and development activities are being carried
out in order to increase the efficiency of Hydrogen storage systems to make them
competitive with current fossil fuels for transportation and stationary applications.
In order to develop and demonstrate viable Hydrogen storage technologies, a set of
objectives have been proposed by the US Department of Energy (DOE), based on
achieving a driving range of 500 km for a Hydrogen powered vehicle. These
objectives fix a target of 2 kW h kg−1 (6 wt%), 1.5 and $4 kW h−1 for 2010 and
of 3 kW h kg−1 (9 wt%), 2.7 and $2 kW h−1 for 2015. It is important to note that
these are system targets, which implies that the weight of the storage system as a
whole must be taken into account [4]. Literature review shows use of this apparatus
for production of Nd–Fe–B permanent magnets, giant magnetostrictive REFe2
alloys using hydrogen decrepitation process, for the nitrogenation of RE2Fe17 and
REFe12 magnet materials [5], thermal decomposition study for ammonia borane
and CNTs materials [3] and metal-Hydrogen systems [6].

The purpose of this work is to prepare experimental setup which can measure the
amount of Hydrogen stored in solids, its absorption and desorption properties and
kinetics of the reaction based on pressure reduction method to develop a low-cost
high-capacity. Hydrogen storage material having favorable thermodynamics and
kinetics characteristics as well as stability with cycling. Estimation of wt% of
Hydrogen is done to conclude use of a solid material technique to store Hydrogen
seems to be a valid alternative compared with the traditional storage techniques.

2 High Pressure Experimental Setup

2.1 High Vacuum System and Pressure Sensor

The high vacuum system is a device that removes gas molecules from a sealed
volume in order to leave behind a partial vacuum. The quality of a partial vacuum
refers to how closely it approaches a perfect vacuum. It consists of rotary and
diffusion pump. The rotary pump gives roughing side vacuum at least in 10−1 mbar
range and diffusion pump further improve vacuum up to 10−5 mbar range.
A pressure sensor acts as a transducer and it generates a signal as a function of the
pressure imposed. It converts changes in pressure of a gas into an electrical signal
by means of a pressure sensing device and generates an analog output proportional
to the pressure or a switching output which operates at a particular pressure level.
The pressure sensor which is used takes an input of 9–30 V DC and gives an output
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of 4–20 mA with the accuracy of ±0.25% BFSL (Best fit straight line method).
Figure 1a, b show Photograph of High vacuum system setup and Photograph of
Pressure sensor respectively.

2.2 Temperature Controller, Temperature Indicator
and Thermocouples

Temperature controller is needed for situation requiring a given temperature to be
kept stable and where an object is required to be heated, cooled or both and to remain
at the target temperature (set point), regardless of the changing environment around
it. The temperature indicator is a cost-effective control device that helps to determine
and display temperatures. Measurement results can easily be read out from large
LED display. K type thermocouples consist of two wire legs welded together at one
end, creating a junction at which the temperature is measured. Figure 2a, b shows
conceptual setup and photograph of measuring and reactor setup.

2.3 Reactor and Measuring Chamber

Sievert’s type apparatus is used for measurements of Hydrogen absorption/
desorption characteristics, such as reversible Hydrogen intake capacity, kinetics,
plateau pressure of alloys and inter-metallic compounds in the ranges 0.05 < P/bar <
50 and 300 < T/K < 723, based on the pressure reduction method as well as PC
isotherm and decomposition studies.

Fig. 1 a Photograph of high
vacuum system setup,
b photograph of pressure
sensor
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Fig. 2 a Conceptual setup (Source [3], p. 33), b photograph of measuring and reactor setup

Fig. 3 Photograph showing fabricated experimental setup

3 Methodology

Experiments are performed on Hydrogen storage materials to estimate their
Hydrogen sorption properties and thermal decomposition. The volumetric technique
is used to measure the amount of Hydrogen absorbed/desorbed based on the measure
of change in the pressure which corresponds to the change in Hydrogen contents of
the material [5]. Knowing the volume and temperature of gas, change in pressure can
be related to number of moles of Hydrogen with the help of van-der Waal’s equation.
Figure 3 shows photograph showing fabricated experimental setup.
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When Hydrogen is allowed to interact with the material, it gets absorbed in the
material (Van-der Waal’s interactions). In both the cases if the volume of the reactor
is fixed then the pressure of the gas decreases. The adsorption of a gas on a surface
is a consequence of the yield force at the surface of the solid, called the adsorbent
which attracts the molecules of the gas or vapour, called adsorbate. The forces of
attraction emanating from a solid may be of two main kinds, physical or chemical,
and they give rise to physical, i.e. Van-der Waals, or chemisorptions respectively
[3]. The results of these measurements are a pressure-composition isotherm. It is a
fingerprint of Hydrogen storage characteristics of the material and consists of three
distinct regions. The initial steep slope corresponds to Hydrogen forming the solid
solution or a-phase. At the saturation limit of the solid solution, hydride begins to
form as a second phase also called as b-phase. During this pressure remains con-
stant while the concentration of Hydrogen increases due to conversion of a-phase to
b-phase. Finally, in the third region, further addition of Hydrogen leads to the
second solid solution phase which is the dissolution of Hydrogen in the hydride and
this causes a steep rise in the Hydrogen pressure. The flat or the constant pressure
region in the PC isotherm is plateau region. The value of the plateau pressure
represents the pressure of Hydrogen in equilibrium with the material-material
hydride phases at the temperature concerned (Fig. 4).

The charging/discharging times are associated with the rate of hydrogenation/
dehydrogenation i.e. how fast these reactions occur. The measurement of decom-
position data with respect to time is done to determine the rate of reaction and
finally to estimate the kinetic parameters namely the activation energy and the
pre-exponential factor. Estimation of wt% of Hydrogen taken up by a sample is
done using applied pressure, equilibrium pressure, ambient temperature and sample
temperature. This calculation is tedious because there exists a temperature gradient
within the reactor and the temperature difference between sample holder and rest of
the system. To account for this temperature gradient the total volume is divided into
two regions, namely hot volume and cold volume. Finally, the amount of Hydrogen

Fig. 4 Pressure composition
(PC) isotherm (Source [3],
p. 38)
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absorbed was estimated using the Van-der Waal’s Equation for real gas considering
hot and cold volume [3]. Finding the best adsorbents for Hydrogen storage basically
involves optimizing three parameters: the characteristic binding energy of the
Hydrogen molecule with the material, the available surface for adsorption processes
and the bulk density of the adsorbate. Both of the latter can be combined with an
average surface available per unit volume of the adsorbent which should be max-
imized. The binding energy determines the operating temperature of a Hydrogen
storage system based on the solid [3, 4].

4 Calibration of Experimental Setup

For estimating the unknown volumes in the apparatus calibration of the experi-
mental setup is done and for that gas expansion method was employed. Figure 5
conceptual setup for volume calibration with Van-der Waal’s equation for real gas.
Setup is made up of several tubing linkages fitted to the reactor, cylinder, inlet and
outlet. For estimation of wt% of Hydrogen evolved or absorbed it is required to
calculate a volume of tubing system using van-der Waal’s equation. Initially
pressure of Hydrogen in standard cell is known and it is used in a calculation of
number of moles of Hydrogen and further calculations are carried out by taking
number of moles as a constant value. By calculating number of moles of Hydrogen
absorbed or desorbed using equation, weight of Hydrogen can be calculated as
(n1 − n2) � 2 where n1 are number of moles before reaction and n2 are number of
moles after the reaction.

Fig. 5 Conceptual setup for volume calibration with Van-der Waal’s equation for real gas
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The nomenclatures of equation are p is pressure, n is number of moles of gas, V
is volume, T is absolute temperature, a is correction for intermolecular forces which
is 0.0248 J m3/mol2, b is correction for finite molecular size which is 2.66 � 10−5

m3/mol2, standard volume of cylinder is 0.025 L and R gas constant 8.314 J/K mol.
Initially, the test of Hydrogen absorption experiment is conducted on 60–80 nm

size Mg and Si particles. The sequence of changes occurring in the
material-Hydrogen system can be followed experimentally by monitoring the
changes in Hydrogen pressure and concentration of Hydrogen at a constant tem-
perature in a closed system. Magnesium hydride combines a high H2 storage
capacity of 7.7 wt% with the benefit of the low cost of the richly available mag-
nesium [6]. Five numbers of magnesium Hydrogen tests are conducted. Average of
test results shows optimum Hydrogen uptake of 1.85 wt% at the temperature of
250 °C and at 12.4 bar pressure. Theoretically SiHx system has 3.44, 6.66 and
9.67 wt% of Hydrogen for x = 1, 2, 3 respectively [7]. The reactivity of Si with
Hydrogen strongly depends on coverage and surface temperature [8]. Emission of
molecular Hydrogen produced from the heat induced decomposition of SiHx
groups homogeneously covering the PS nanostructures makes this material suitable
for its application as a Hydrogen reservoir [9]. Silicon-Hydrogen test is repeated
five numbers of times. Average of test results shows optimum Hydrogen uptake of
2.55 wt% at the temperature of 110 °C and at 12.6 bar pressure for silicon
Hydrogen test. Further, the dehydrogenation test on Ammonia Borane (AB) having
Hydrogen content (19.6 wt%) per mass is conducted. The decomposition of AB
takes place in three steps at desorption temperatures of about 100, 140 and above
1000 °C respectively releasing 1 mol of Hydrogen in each step [10]. AB is a white
crystalline solid at room temperature, it’s non-toxic, environmentally benign, and
stable material that can be safely transported without Hydrogen loss, which dictates
the success of any chemical for hydrogen storage [11]. Five numbers of tests are
conducted on an isothermal decomposition of AB. Average test results show wt%
released for neat AB is 1.15 for temperature 100 °C. The dehydrogenation test on
magnesium hydride is also repeated five times. Magnesium hydride, MgH2 has the
highest energy density (9 MJ/kg) of all reversible hydrides applicable for hydrogen
storage [12]. Average test results show isothermal decomposition of MgH2 and wt
% released is 0.24 for temperature 90 °C. Each test of the sample material is
repeated five times and average results are noted in Table 1. Figure 6a, b shows
graph of absorption of H2 by Mg and absorption of H2 by Si. Similarly Fig. 7a, b
shows graph of desorption of NH3BH3 and desorption of MgH2.

Table 1 Summary of experiments conducted on fabricated setup

Type of
experiment

Sample Pressure (bar) Temperature
(°C)

Total wt%
absorbed/desorbed

Hydrogenation Mg 12.44 250 1.85

Hydrogenation Si 12.62 110 2.55

Dehydrogenation NH3BH3 2.52 100 1.15

Dehydrogenation MgH2 1.54 90 0.24
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5 Conclusion

A promising storage alternative for Hydrogen systems relies on the chemical or
physical binding of Hydrogen with other elements through sorption of Hydrogen on
or in a solid substrate to overcome the difficulties in conventional Hydrogen fuel
storage methods. The pilot tests on Mg, Si, NH3BH3 and MgH2 are carried out for
calibration and results are compared with the previously published research works
which are found to be similar to validate the fabricated setup. The apparatus allows
hydrogenation/dehydrogenation study and desorption kinetics as well as PC iso-
therm measurement of the material–Hydrogen system over a wide range
0.05 < P/bar < 50 and 300 < T/K < 723. The apparatus developed has found to be
reliable with observed experimental errors around 7%.
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