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 The aim of this work is to propose a procedure for online structural health monitoring of a double 
curvature arch dam structure using combination of the extended finite element model (XFEM) based on 
cohesive crack model (XFEM based cohesive crack segments) and continuous Wavelet transform 
(CWT). In this way, the Karun 3 dam, one of Iranian under operation arch dam, is numerically modeled 
and analyzed using the finite element method (FEM) and XFEM based cohesive crack segments 
respectively, and the dam is analyzed under the seismic excitation. The XFEM based cohesive crack 
segments for concrete material as a reliable model is used for investigating real responses of Karun 3 
concrete dam against applied loads and damages. In this model, whole of the structure is potentially 
under damage risk, while there is no initial crack. Then, for specification of crack effects and nonlinear 
behavior, the structural modal parameters and their variation should be investigated based on structure 
response for obtaining damage initiation time and its location by using system identification based on 
CWT. Results show the high ability of proposed procedure, in spite of difficulties arising from input 
effect, modal interference and choosing reference point effectiveness on modal shapes. By using 
analysis of the procedure results, the history of physical changes occurred in the structure and cracking 
initiation time from investigating time-frequency window of the structure response and exact location of 
crack from comparing the intact and damaged crest and central cantilever vibration modes are made 
possible. 
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Fig. 1 The nodes enrichment representation in XFEM [20] 
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Fig. 2 Crack tip of cohesive crack model [24] 

Fig. 3 Schematic diagram of traction separation law [25]  
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Fig 5 Finite element model of Karun 3 dam  

5 3  

1 Longitudinal 
2 Vertical 
3 Transversal 

 .

3.76  .300 
  .

4 10-6   

5-1 -   
 
 .

6
3  .

 .
 .4.09 

4.14 53   .
7 .

 3 
 .8  10

 .
 .

 .
 .

0.151-0.021 0.033   
  

  
 

 

4 Damage stabilization cohesive 

Fig 4 Karun 3 dam and its reservoir and appurtenant  

Fig. 6 The downstream and upstream face of Karun 3 dam cracks  
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Fig. 9 Comparison of crest midpoint longitudinal displacement  
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Fig. 10 Comparison of crest midpoint vertical displacement  
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Table 1 Comparison of natural frequencies of Karun 3 dam 
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  2.17  2.27 2.24 
 2.58  2.58 2.72 
 3.03  2.75 3.40 

Fig.7 The 3D central crack pattern of Karun 3 dam  
7 3  

  
Fig. 8 Comparison of dam crest midpoint transversal displacement  
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Fig. 11 The scalogram of intact dam crest midpoint longitudinal displacement (Sec-Hz)  
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Fig. 12 The scalogram of intact dam crest midpoint transversal displacement (Sec-Hz)  
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Fig. 13 The scalogram of Koyna earthquake horizontal and vertical components summation (Sec-Hz)  
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Fig. 14 The scalogram of cracked dam crest midpoint longitudinal displacement (Sec-Hz) 
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Fig. 15 The scalogram of cracked dam crest midpoint transversal displacement (Sec-Hz) 
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Fig. 16 Comparison of the cantilever mode shapes of Karun 3 intact and cracked dam normalized to abutment (right) and crest (left) using WT 
16 3  ( )  ( )  

 

Fig. 17 Comparison of crest mode shapes of Karun 3 intact and cracked dam normalized to right abutment (right) and left abutment (left) using WT 
17 3 )   ( )  

f3=3.40 Hz - ABAQUS f2=2.72 Hz - ABAQUS 
  

f1=2.24 Hz - ABAQUS 
Fig. 18  Results of the first 3 mode shapes of Karun 3 dam obtained from Abaqus software 

18 3 3    
 

  
16 17  .

 

 .16 
17 

 .
 .

6 )  

 (1 
 .

 .
) 

2  .

  
16  

  

1 White Gaussian noise 
2 Modal scaling 



    

      

13951612  383  

)  
 

 .
 .

) 
 .

 .
 

  
17

)
 .

 
 .)  

 .
 .

 ( )
 .  ( )

  

7 -   

3 
 .

)- (3

 .3 

 .
 

 .

 .

 
 .

 

 

8 -   
[1] T. Belytschko, Y. Y. Lu, L. Gu, Element free Galerkin methods, 

International Journal for Numerical Methods in Engineering, Vol. 37, No. 2, 
pp. 229-256, 1994.  

[2] M. Fleming, Y. Chu, B. Moran, T. Belytschko, Y. Lu, L. Gu, Enriched 
element-free Galerkin methods for crack tip fields, International Journal for 
Numerical Methods in Engineering, Vol. 40, No. 8, pp. 1483-1504, 1997.  

[3] J. M. Melenk, I. Babuška, The partition of unity finite element method: basic 
theory and applications, Computer Methods in Applied Mechanics and 
Engineering, Vol. 139, No. 1, pp. 289-314, 1996.  

[4] C. A. Duarte, J. T. Oden, An h-p adaptive method using clouds, Computer 
Methods in Applied Mechanics and Engineering, Vol. 139, No. 1, pp. 237-
262, 1996.  

[5] N. Moes,  J.  Dolbow, T.  Belytschko,  A  Fnite  Element  Method  for  Crack 
Growth  Without  Remeshing, International  Journal  for  Numerical  
Methods  in  engineering, Vol. 46, No. 1, pp. 131-150, 1999.  

[6] C. Daux, N. Moes, J. Dolbow, N. Sukumar, T. Belytschko, Arbitrary cracks  
and  holes  with the extended  finite  element  method, International  Journal 
for Numerical  Methods in Engineering, Vol. 48, No. 12, pp. 1741-1760, 
2000.  

[7] N.  Sukumar,  N.  Moës,  B.  Moran,  T.  Belytschko,  Extended  finite  element  
method for three-dimensional crack modelling, International Journal for 
Numerical Methods in Engineering, Vol. 48, No. 11, pp. 1549-1570, 2000.  

[8] V. Lotfi, R. Espandar, Seismic analysis of concrete arch dams by combined 
discrete crack and non-orthogonal smeared crack technique, Engineering 
Structures, Vol. 26, No. 1, pp. 27-37, 2004.  

[9] O. Omidi, S. Valliappan, V. Lotfi, Seismic cracking of concrete gravity dams 
by plastic–damage model using different damping mechanisms, Finite 
Elements in Analysis and Design, Vol. 63, pp. 80-97, 2013.  

[10] C. Bao, H. Hao, Z.-X. Li, X. Zhu, Time-varying system identification using a 
newly improved HHT algorithm, Computers & Structures, Vol. 87, No. 23, 
pp. 1611-1623, 2009.  

[11] Z. Chen, A. Bunger, X. Zhang, R. G. Jeffrey, Cohesive zone finite element-
based modeling of hydraulic fractures, Acta Mechanica Solida Sinica, Vol. 
22, No. 5, pp. 443-452, 2009.  

[12] A. Ghaemmaghami, M. Ghaemian, Shaking table test on small-scale 
retrofitted model of Sefid-rud concrete buttress dam, Earthquake 
Engineering & Structural Dynamics, Vol. 39, No. 1, pp. 109-118, 2010.  

[13] J. Pan, C. Zhang, Y. Xu, F. Jin, A comparative study of the different 
procedures for seismic cracking analysis of concrete dams, Soil Dynamics 
and Earthquake Engineering, Vol. 31, No. 11, pp. 1594-1606, 2011.  

[14] A. Byfut, A. Schröder, hp-adaptive extended finite element method, 
International Journal for Numerical Methods in Engineering, Vol.  89,  No.  
11, pp. 1392-1418, 2012.  

[15] G. Bhardwaj, I. Singh, B. Mishra, Numerical simulation of plane crack 
problems using extended isogeometric analysis, Procedia Engineering, Vol. 
64, pp. 661-670, 2013.  

[16] S. Zhang, G. Wang, X. Yu, Seismic cracking analysis of concrete gravity 
dams with initial cracks using the extended finite element method, 
Engineering Structures, Vol. 56, pp. 528-543, 2013.  

[17] A. Nasirmanesh, S. Mohammadi, XFEM buckling analysis of cracked 
composite plates, Composite Structures, Vol. 131, pp. 333-343, 2015.  

[18] Z. Wang, T. Yu, T. Q. Bui, N. A. Trinh, N. T. H. Luong, N. D. Duc, D. H. 
Doan, Numerical modeling of 3-D inclusions and voids by a novel adaptive 
XFEM, Advances in Engineering Software, Vol. 102, pp. 105-122, 2016.  

[19] R. Tarinejad, M. Damadipour, Extended FDD-WT method based on 
correcting the errors due to non-synchronous sensing of sensors, Mechanical 
Systems and Signal Processing, Vol. 72, pp. 547-566, 2016.  

[20] Q. Xiao, B. Karihaloo, Improving the accuracy of XFEM crack tip fields 
using higher order quadrature and statically admissible stress recovery, 
International Journal for Numerical Methods in Engineering, Vol. 66, No. 9, 
pp. 1378-1410, 2006.  

[21] S. Mohammadi, Extended finite element method: for fracture analysis of 
structures, London: Wiley, pp. 61-75, 2008. 

[22] G. I. Barenblatt, The mathematical theory of equilibrium cracks in brittle 
fracture, Advances in applied mechanics, Vol. 7, No. 1, pp. 55-129, 1962.  

[23] D. Dugdale, Yielding of steel sheets containing slits, Journal of the 
Mechanics and Physics of Solids, Vol. 8, No. 2, pp. 100-104, 1960.  

[24] N. Moës, T. Belytschko, Extended finite element method for cohesive crack 
growth, Engineering fracture mechanics, Vol. 69, No. 7, pp. 813-833, 2002. 

[25] ABAQUS, V. 6.14, Online Documentation Help, Theory manual: Dassault 
Systms, Accessed on 10 May 2016; http://abaqus.software.polimi.it/v6.14. 

[26] A. Mertins, Signal Analysis: Wavelets, Time-Frequency Transforms and 
Applications, London: Wiley, pp. 51-88, 1999. 


