Amirkabir Journal of Civil Engineering

Amirkabir J. Civil Eng., 54(7) (2022) 551-554
DOI: 10.22060/ceej.2022.20075.7337

Faculty of Civil Engineering and Transportation, University of Isfahan, Isfahan, Iran

N. Majidi, H. Tajmir Riahi®, S. M. Zandi

Faculty of Civil Engineering and Transportation, University of Isfahan, Isfahan, Iran

ABSTRACT: Peridynamic theory, with a new formulation in the equations of motion, replaces the
partial differential equations with integral equations. Due to this capability, it is possible to model crack
initiation in any direction without the need to consider crack-growth criteria. One of the main problems
in peridynamic theory is its high computational efforts due to its dynamic nature. If the critical time step
of the numerical integration is greater than the loading time step, it will increase the cost of calculations.
In this paper, using wavelet transform, peridynamic problems under irregular and random impact loads
are analyzed. The aim of this study is to increase the computational speed for these problems. The
method presented in this paper is investigated on two material models, namely Prototype brittle material
and micro-plastic material. In this regard, structures with linear and nonlinear behavior have been
analyzed considering the effects of discontinuities (such as cracks) and without considering the effects
of discontinuities. The selected structures include two beams. Each beam is subjected to two types of
irregular impact loading. The beams are analyzed once with the main impact (wave) function and once
with the approximate impact (waves) functions obtained using wavelet transform. Based on the results
of linear and nonlinear analyses of this study, it can be judged that the presented method reduces the
computational cost by 87% in peridynamic models with linear behavior. It also bring a 94% reduction in
computational costs in peridynamic models with nonlinear behavior.
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1- Introduction

Many problems in the mechanics of solids involve
discontinuities in the geometry of the body or in the
displacement field. Cracking and predicting crack growth
is one of the discontinuities that challenge the solution of
solids mechanics problems. Issues related to cracking and
crack growth are of great importance because the presence of
cracks in an object creates special conditions at the tip of the
crack that cause infinite stresses. This was first investigated
and proven by Griffith [1]. This led to the introduction of the
theory of linear elastic fracture mechanics. In this theory, it
is necessary to create a prefabricated primary crack in the
body. Also, in this theory, crack onset and crack growth
are examined separately and separate criteria should be
used to determine the direction of the crack. Therefore, this
method has many complications in the study of cracks. To
overcome these problems, a method called peridynamic has
been proposed. In 2000, Silling [2] proposed a method that
could accurately analyze cracked structures. The basis of
the proposed method is based on displacement and integral
equations. Therefore, this method is still stable despite the
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discontinuities that occur in the analysis environment. The
method proposed in 2005 was further developed by Silling
and Askari [3]. In the proposed method, the forces between
the particles are at a certain distance from each other. This
distance is called the band. In this method, the onset of
cracking and its growth and failure in different places are
predicted with very good accuracy.

Despite all the attractive features of peridynamic models,
they are often computationally more expensive than classical
finite element analysis methods. In this paper, for the first
time, wavelet transform is used to reduce calculations in
peridynamic problems under discrete loads.

2- Verification

In this paper, the compressive strength test of a 15x15x15
cm?® cubic sample of concrete is used. The concrete strength
is 73 MPa. The modulus of elasticity and the Poisson ratio
are 36 GPa and 0.3, respectively [4, 5]. The results of
peridynamic analysis have been validated with experimental
results in reference [4]. The results are also compared with
the Popovics model [6].
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Fig. 1. Validity of a compression test. a) Validation with :
reference experimental results [4]. b) Validation with IN
Popovics model

Fig. 3. Crack line and peridynamic particle damage.
a and b) Calculations using the main wave and ¢ and
d) Calculations using the approximate wave after four
steps of approximation for two impact loads

Based on Figure 1, it can be seen that the peridynamic
method has a good performance for simulating concrete
specimens under pressure.

Also, in this paper, the shape of the broken specimen
obtained from peridynamic theory is compared with the
shape of the type of broken cubic specimens. In this regard,
in Figure 2, the broken cubic samples in the laboratory [7] are
compared with the cubic sample obtained from the theory of
peridynamic.

3- Wavelet transform in peridynamic

In this section, the effects of reducing the number of
discrete wave points on peridynamic analysis results are
investigated. For this purpose, the studied structures are
subjected to two impact loads.

Fig. 2. Comparison of the shape of broken specimens in In this part, a reinforced concrete cantilever beam with
the laboratory with a specimen obtained from peridyn- longitudinal rebars with a length of 1 meter is selected. Figure
amic theory. a) Obtained sample from peridynamic b) 3 shows the contour related to the crack line and the amount

Broken samples in the laboratory [7] of particle damage in the peridynamic method. According to

Figure 3, it can be seen that using approximate waves does
not cause much error in the crack line.
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This means that if the wave after four steps of
approximation is used instead of the main wave, the crack
line and particle damage are very similar to the case when the
main wave is used.

4- Conclusion

It should be noted that due to the generally unpredictable
events that occur during the nonlinearity of the structure,
different approximate waves with different steps of
approximation show errors that are acceptable or not. Based
on the results of case studies used in this paper, it can be said
that in all structures, the approximate wave at the third step
of approximation with a reduction of 87% of the computation
time can be a reliable approximate wave.
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Fig. 2. Position and relative displacement of two neigh-
boring particles
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Fig. 4. Cantilever beam for verification

5 T i lae ) Seluby gbdie priwees Y ¥
i
o (bt e dlas o)y oad Sl gy dlie cpl ) (izeen
ol odlatwl py I ded e pdlas (gilwJde (gl il ol sy p
5 Soole Lauogs 005 1) o, 5l eolizsl b ity pdlne alio ol 3
Lot 0 ool (gl o luly il 93 JYV] ol 05 (g5l J e St
OB (ke Jold el cpl 9 oo (rwcens yall ¥
S 35 3 S g ool p 93 15 > S5 LS Lo (saiged
Slasutio olod I IS sl S aly )3 (52 1no dig0d Sialol .l
e g2 o (liseo Jalge 0 05 (5,188 Canglie and 0 1)) (50
Mg Jsb 2 CadS S8 (i dlge CudsS (plows Caglie o
OB 5 3 45l o (gileae )3 gy ol o)l (St oy g 0
okl (g9) p 0 (6)ltb Cuoglio ool .l lies (gla ol
Sl (g0l & s 598 0 plsl i jl lalgial b JSS oSt
VO L oo o Sl Vo X Ve x Ve clacSas 3l cpn ) edlatwl )90
&ty sl Jde ol 5 05d o oolitw] CaSe o Bl VO X VO X
lid a5 51 o ks, olBiulejl l odel cand 4 ol g powye
by ylid Cuoglio & ool i &5 oK wcul s lazl 5o
S alio ol 3 900 JET (g s i S8 0dig) S (slS 5 slox]
e sBle 10 (xS siged Sy g9) 2 R LB Cuoglie o]
ol 48 )3 o 50 JIKwb Ko VY jai 550 (40 Cuoglie sl 00 odliiul
Yy JEWLISS Y8 5 4 (guley o p g btV o s
b Seelibsy Jooss | Jols mls [¥2 5 00 ] conload )5 jlas >
Cawd & ol iomed Cul 00l Srwwious [FA] gy (058 B
[0V] Conl o duolie wSoggrg Lawgi ord &il] (g)ld, Jae b oolal

JAARY

2 Slawbre pos ialS ol diuns Soge jilid 5l dlde oyl 5o
&b did E‘}AI yokaie Q.)“ 4 D o o3l Seolisld s §95
O b dins Sogo s 5l oolasiwl b 20 0 3)lg aojluw ay asbdl s

Rgdee yild d> e

Eewwiouo —F
et Selsbop b s (srwcows —) ¥

s 35500 sl 53 s 3] Coge atunS b bl zals
s 51 88 5 3 Ly Sy llis ) (sl Jlio > Sloslons 5
Pediee swyp Bl uSs Sl (8,5l 53 eh sl Ko g bl
e 3 oS 0,5 p K 45 K eloo 4 Tz ekt ol el
Sy el ol s 4l ks @) [¥0] o Kan o (o
Sl ke ol > cpimen .l (Prototype brittle material) 5
5% 5B (3lae 53,50 It 13l 05 68,8 5 > il
5o Y Elil 5 a8 se &y Mt oo b 5o YA Jobo o JguiS
G(6) =7, SIN(2T1) (S s o fa5 3,50 15 393 e b
7, =—13.89N/m’ bl ol 3 3,5 o )5 4l /0 ©se &
<IVO iy & dlas gy JBs 9 Kb gt ogulyy cups canl
ol ons 43,5 s 3 kg/m’ 5 v. MPa

5 oslizl b bojls Jalows (lyy dli ol Y sk 5 o 1) s,
15 elol sl & S )3 o 00 apidnliyy Soslislis s Lo,
2 b o adg asliy O JS5 ilas sl 0 &) Seoliys Hb o
vasuie SNl jlan GMB] dgg o ] @llas glyly [YO] x50
o Gl & () Cuge 355 (95 pasutio 5 (Siluad glad (095



YYYA B YYIY doxio VF+) Jlo o 0)les @F 093 638 pool lyos (awrbito & pis

e=Peridynamic ==——=Ref.35

).012

0.01
).008
).006

).004

).002 / \
).002 1 ﬂ/ 0.2 0.25
).004
).006

).008
-0.01

Time (s)
[¥O] ao yo 33 00 &l,y1 gl b oo dindgs dolip 31 ool Camwd & gl  oriwcono O JSW

Fig. 5. Validation of the results obtained from the written code with the results presented in the reference [35]
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Fig. 6. Validity of compression test of a specimen. A) Validation with reference experimental results [49]. B)
Validation with Popovics model
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Fig.7. Comparison of the shape of a broken specimen in the laboratory with a specimen obtained from peridynamic
theory. A) Broken sample in the laboratory [52] b) Obtained sample from peridynamic
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Fig. 8. Crack shape in simple and continuous supported beam according to ACI regulations [S3]
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Fig. 9. Crack shape in simple supported beam using peridynamic method
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Fig. 10. Crack shape due to shear and bending for a cantilever beam [55]
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Fig. 11. Crack shape obtained from peridynamic analysis for a cantilever beam
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Fig. 12. Discrete wave of earthquake records. A) Discrete wave of Sarpol-e-Zahab earthquake record. B)
Discrete wave of Chi-Chi earthquake record. C) The Fourier spectrum of the discrete wave of Sarpol-e-Zahab
earthquake record. D) The Fourier spectrum of the discrete wave of Chi-Chi earthquake record.
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Fig. 13. The discrete impact load curve applied on the first example
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Fig. 15. Maximum reference point displacement error. A) Displacement response error for load type 1. b) Displace-
ment response error for load type 2
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Table 1. Comparison of analysis time and displacement response for the main wave and approximate
waves for load type 1
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Table 2. Comparison of analysis time and displacement response for the main wave and approximate waves
for load type 2
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Table 3. Specifications of the reinforced concrete structure
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Fig. 16. Cantilever beam example
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Fig. 17. Discrete impact load applied on the structure
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Fig. 18. Comparison of the acceleration response curve of the reference point for load type 1 and 2. a) The acceleration
response for load type 1 in the x direction. B) The acceleration response for load type 1 in the z direction. C) The ac-
celeration response for load type 2 in the x direction. D) The acceleration response for load type 2 in the z direction.
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Table 4. Maximum displacement, velocity and acceleration in the x and z directions
for load type 1
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Table 5. Maximum displacement, velocity and acceleration in the x and z directions for load type 2
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Fig. 19. Maximum reference point displacement error. a) Displacement curve due to load type 1. b) Displacement

curve due to load type 2.
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Fig. 20. Crack line and peridynamics particle damage. a and b) Results obtained using the main wave of load type

1 and 2. ¢ and d) Results obtained using the approximate wave A4 of load type 1 and 2
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22. Discrete impact load applied on the structure
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Fig. 23. Comparison of the acceleration response curve of the reference point for load type 1 and 2. a) The acceleration
response for load type 1 in the x direction. B) The acceleration response for load type 1 in the z direction. C) The accel-
eration response for load type 2 in the x direction. D) The acceleration response for load type 2 in the z direction.
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Table 6. Maximum displacement, velocity and acceleration in the x and z directions for load type 1
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Table 7. Maximum displacement, velocity and acceleration in the x and z directions for load type 2
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Fig. 24. Maximum reference point displacement error. a) Displacement curve due to load type 1. b) Displace-
ment curve due to load type 2.
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Fig. 25. Crack line and peridynamics particle damage. a and b) Results obtained using the main wave of
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Damage

sl 5 b b Juloo ] el Cowd 4 guls . Lus s S5 ol
Jdos ) bgpe (owcoms jlodel Cund 4 wls golol o @
P e 28es Sealubisn gy b Gl (b sbaojle
) i gbojle Gl i
Sy ol sl gk g (e Jdbo jleslil b @
7)) peS olad Ll Slslre ()loj Slgi o Sage B9y C8L)> Gl
A2 il Ao AV B as Ve 4 Sodp pllad by aod YO U ssys
S5 Clpl GBS 5 by st o izl L@
FoS olbd L) Glabre loj Slgie Sage gy <8l ol
il as DAY b asyn & 4 S5 olled b g ao AV B as b

Y%

YYYo

i)

o
G
Damage

@
Damage

&5 S —F
oles il (lp Sage s (owp 0L ol sl dlio ool
Ol Il Laly cpl o b didly gy Seoluld g sl Julos o Oluwls
5 g g slaojle Fuol o i 50 Seeluld gy oy, 45 A ool
3)90 oojlr g ol J3)05 1 (295 o €83 93 S 5 ghane o
Cot Bl oo 03l p 93 Sy g YIS e S by Jold o5 L
Sy Jolds 0ud bl glo)l b5 515 anuns lapps gl
Jdos sl lazge opl 5l ansdS Ve > 5 Ldg (slodzy (wslS,8
Bas bwg Hlai 3)s0 slagae Ly cpl 13 g o oolatwl Waojle
g0 &y ki 590 (gloojlu ay (gal> po )3 250D jild als 0 O Sage
OS5 Sl b g i (Sgy OIS S e 5 L ad il g s



YVYA B YVAY docis VF ) Jlo oY 0,loud OF 095 ¢S ool (ol pos susio 4y

Peridynamics for bending of beams and plates with
transverse shear deformation, International Journal of
Solids and Structures, 69 (2015) 152-168.

[6] D. Huang, G. Lu, P. Qiao, An improved peridynamic
approach for quasi-static elastic deformation and brittle
fracture analysis, International Journal of Mechanical

Sciences, 94 (2015) 111-122.
[7] E. Madenci, K. Colavito, N. Phan, Peridynamics for

unguided crack growth prediction under mixed-mode
loading, Engineering Fracture Mechanics, 167 (2016)
34-44.

[8] P. Seleson, D.J. Littlewood, Convergence studies in
meshfree peridynamic simulations, Computers &

Mathematics with Applications, 71(11) (2016) 2432-
2448.

[9] V.P. Nguyen, T. Rabczuk, S. Bordas, M. Duflot, Meshless
methods: a review and computer implementation aspects,

Mathematics and computers in simulation, 79(3) (2008)
763-813.

[10] T. Rabczuk, T. Belytschko, Cracking particles: a
simplified meshfree method for arbitrary evolving
cracks, International Journal for Numerical Methods in

Engineering, 61(13) (2004) 2316-2343.

[11]F. Bobaru, Y.D. Ha, Adaptive refinement and multiscale
modeling in 2D peridynamics, (2011).

[12] D. Dipasquale, M. Zaccariotto, U. Galvanetto, Crack
propagation with adaptive grid refinement in 2D
peridynamics, International Journal of Fracture, 190(1-2)
(2014) 1-22.

[13]J. Lee, S.E. Oh, J.-W. Hong, Parallel programming of a
peridynamics code coupled with finite element method,

International Journal of Fracture, 203(1-2) (2017) 99-
114.

[14] F. Mossaiby, R. Rossi, P. Dadvand, S. Idelsohn,
OpenCL-based implementation of an unstructured edge-
based finite element convection-diffusion solver on
graphics hardware, International Journal for Numerical
Methods in Engineering, 89(13) (2012) 1635-1651.

[15] B. Kilic, E. Madenci, Prediction of crack paths in
a quenched glass plate by using peridynamic theory,

9 5 0yS o Koy Sy S Slend ced s @
Flao > Sage gy sl 3)Slas gorind L (i godls
€8S i Glye (bt g (ot sl I IS jb ey @
Do 3935 B 1) Slawls (loj cus s 4 AS B AT (clazge 5l oslil &
A2 o aals s )d AV 5 AF AV VO
Gyl sgame pllas sl b ord ) b, & S ge @
ol Seolisld gy Pluwe 10 Slawbro (o idlS 10 Coslio (0,Slas
JB it logas Bl 4 g L 45 3,8 g 45 ) & b
S aslp W amse &) ojle (18 (ad e b > oS i
oo il (B lp g ¥ sl yo il (S sl Al o il ool
o > CS (e Lol 93 e Ciguime 355 (o) gge 03T O
Elasloes loj ghoyd AY LilS |y pows cals o sy o Waojls

Sl Slsebl BB 0 )& 740 Mg o

1248 9 S5

395 318 5 )5 Slpe wld oo oY 293 dllie (pl (BN
O agy ol ey 9 (6365 UKD 13 &S o 2 8 85 BT 51,
S ol elazsls

&bo

[1T A.A. Griffith, VI. The phenomena of rupture and flow in
solids, Philosophical transactions of the royal society of
london. Series A, containing papers of a mathematical or
physical character, 221(582-593) (1921) 163-198.

[2] S.A. Silling, Reformulation of elasticity theory for
discontinuities and long-range forces, Journal of the
Mechanics and Physics of Solids, 48(1) (2000) 175-209.

[3] S.A. Silling, E. Askari, A meshfree method based on the

peridynamic model of solid mechanics, Computers &

structures, 83(17-18) (2005) 1526-1535.

[4] B. Kilic, A. Agwai, E. Madenci, Peridynamic theory
for progressive damage prediction in center-cracked

composite laminates, Composite Structures, 90(2) (2009)
141-151.

[5] C. Diyaroglu, E. Oterkus, S. Oterkus, E. Madenci,

yvys



TYYA B YV dis V¥ ) Jlo &V o)loud @F 0,93 ey el (3lpos swigen 4 s

ASIAN JOURNAL OF CIVIL ENGINEERING, 7
(2006).

[26] A. Heidari, J. Raeisi, S. Pahlavan Sadegh, Dynamic
analysis of shear building structure using wavelet
transform, Journal of Numerical Methods in Civil
Engineering, 2(4) (2018) 20-26.

[27] A. Heidari, S. Pahlavan sadegh, J. Raeisi, Investigating
the Effect of Soil Type on Non-linear Response Spectrum
Using Wavelet Theory, International Journal of Civil

Engineering, 17(12) (2019) 1909-1918.
[28] A. Kaveh, A. Aghakouchak, P. Zakian, Reduced record

method for efficient time history dynamic analysis and

optimal design, Earthquake and Structures, 35 (2015)
637-661.

[29] A. Heidari, N. Majidi, Earthquake Mapping Acceleration
Analysis Using Wavelet Method, Earthquake Engineering
and Engineering Vibration, (2019).

[30] R. Kamgar, N. Majidi, A. Heidari, Continuous Wavelet
and Fourier Transform Methods for the Evaluation of the
Properties of Critical Excitation, Amirkabir Journal of

Civil & Environmental Engineering (In Persian), (2019).

[31] O. Weckner, R. Abeyaratne, The effect of long-range
forces on the dynamics of a bar, Journal of the Mechanics

and Physics of Solids, 53(3) (2005) 705-728.
[32] S.A. Silling, M. Zimmermann, R. Abeyaratne,

Deformation of a peridynamic bar, Journal of Elasticity,
73(1-3) (2003) 173-190.

[33] R.B. Lehoucq, S.A. Silling, Force flux and the
peridynamic stress tensor, Journal of the Mechanics and

Physics of Solids, 56(4) (2008) 1566-1577.
[34] H.D. Miranda, J. Orr, C. Williams, Fast interaction

functions for bond-based peridynamics, European

Journal of Computational Mechanics, 27(3) (2018) 247-
276.

[35] F. Mossaiby, A. Shojaei, M. Zaccariotto, U. Galvanetto,
OpenCL implementation of a high performance 3D
Peridynamic model on graphics accelerators, Computers

& Mathematics with Applications, 74(8) (2017) 1856-
1870.

[36] L. Wu, D. Huang, Y. Xu, L. Wang, A rate-dependent

Yyyy

International journal of fracture, 156(2) (2009) 165-177.

[16] B. Kilic, E. Madenci, Structural stability and failure
analysis using peridynamic theory, International Journal

of Non-Linear Mechanics, 44(8) (2009) 845-854.

[17] P. Diehl, M.A. Schweitzer, Efficient neighbor search for
particle methods on GPUs, in: Meshfree Methods for

Partial Differential Equations VII, Springer, 2015, pp.
81-95.

[18] Q. Le, W. Chan, J. Schwartz, A two-dimensional
ordinary, state-based peridynamic model for linearly
elastic solids, International Journal for Numerical

Methods in Engineering, 98(8) (2014) 547-561.
[19] R. Kamgar, R. Tavakoli, P. Rahgozar, R. Jankowski,

Application of discrete wavelet transform in seismic
nonlinear analysis of soil-structure interaction problems,

Earthquake Spectra, (2021) 8755293020988027.

[20] R. Kamgar, N. Majidi, A. Heidari, Wavelet-based
Decomposition of Ground Acceleration for Efficient
Calculation of Seismic Response in Elastoplastic
Structures, Periodica Polytechnica Civil Engineering,
(2020).

[21] R. Kamgar, M. Dadkhah, H. Naderpour, Seismic
response evaluation of structures using discrete wavelet
transform through linear analysis, in:  Structures,

Elsevier, 2021, pp. 863-882.
[22] M. Dadkhah, R. Kamgar, H. Heidarzadeh, Reducing the

Cost of Calculations for Incremental Dynamic Analysis
of Building Structures Using the Discrete Wavelet
Transform, Journal of Earthquake Engineering, (2020)
1-26.

[23] E. Salajegheh, A. Heidari, Dynamic analysis of
structures against earthquake by combined wavelet
transform and fast Fourier transform, Asian Journal of
Civil Engineering, (2002).

[24] E. Salajegheh, A. Heidari, Time history dynamic
analysis of structures using filter banks and wavelet

transforms, Computers & structures, 83(1) (2005) 53-68.

[25] A. Heidari, E. Salajegheh, Time history analysis of

structures for earthquake loading by wavelet networks,



YVYA B YVAY docis VF ) Jlo oY 0,loud OF 095 ¢S ool (ol pos susio 4y

CRC Press, 2016.
[46] R. Polikar, The Wavelet Tutorial, in, 1996.

[47]S. Mallat, A Wavelet Tour of Signal Processing, Elsevier,
USA, 2008.

[48] A. Heidari, E. Salajegheh, Approximate dynamic
analysis of structures for earthquake loading using FWT,

International Journal of Engineering, 20(1) (2007).

[49] L. Hsu, C.-T. Hsu, Complete stress—strain behaviour of
high-strength concrete under compression, Magazine of

concrete research, 46(169) (1994) 301-312.

[50] P. Wang, S. Shah, A. Naaman, Stress-strain curves of
normal and lightweight concrete in compression, in:

Journal Proceedings, 1978, pp. 603-611.

[51] S. Popovics, A numerical approach to the complete
stress-strain curve of concrete, Cement and concrete

research, 3(5) (1973) 583-599.
[52]J. Del Viso, J. Carmona, G. Ruiz, Shape and size effects

on the compressive strength of high-strength concrete,

Cement and Concrete Research, 38(3) (2008) 386-395.

[53] A. Committee, 1.O.f. Standardization, Building code
requirements for structural concrete (ACI 318-08) and

commentary, in, American Concrete Institute, 2008.

[54] Z. Yang, J. Chen, Finite element modelling of multiple
cohesive discrete crack propagation in reinforced
concrete beams, Engineering Fracture Mechanics, 72(14)
(2005) 2280-2297.

[55]M.M. Raouffard, M. Nishiyama, Fire response of exterior
reinforced concrete beam-column subassemblages, Fire

Safety Journal, 91 (2017) 498-505.

dynamic damage model in peridynamics for concrete
under impact loading, International Journal of Damage

Mechanics, 29(7) (2020) 1035-1058.
[37] R'W. Macek, S.A. Silling, Peridynamics via finite

element analysis, Finite Elements in Analysis and

Design, 43(15) (2007) 1169-1178.

[38] M. Misiti, Y. Misiti, G. Oppenheim, J. Poggi, Wavelet
Toolbox: Computation, Visualization, Programming

User’s Guide, Ver, 1.

[39] S. Addison Paul, The illustrated wavelet transform
handbook: introductory theory and applications in
science, engineering, medicine and finance, Institute of

Physics Publishing, 2002.

[40] R. Polikar, The Wavelet Tutorial-http:\\users. rowan.
edu/[] polikar, WAVELETS/WTpartl. html, (1999).
[41]

Wavelets in control engineering, Technische Universiteit

Eindhoven, 2001.

M. Schneiders, v.d. Molengraft, M. Steinbuch,

[42] O. Rioul, P. Duhamel, Fast algorithms for discrete and
continuous wavelet transforms, IEEE Transactions on

Information Theory, 38(2) (1992) 569-586.

[43] S.G. Mallat, A theory for multiresolution signal

decomposition: the wavelet representation, IEEE

Transactions on Pattern Analysis & Machine Intelligence,
(7) (1989) 674-693.

[44] G. Strang, T. Nguyen, Wavelets and Filter Banks, 2 nd
ed., SIAM, 1996.

[45] P.S. Addison, The Illustrated Wavelet Transform
Handbook: Introductory Theory and Applications in

Science, Engineering, Medicine and Finance, 2 nd ed.,

(2022) 2713-2738.

DOI: 10.22060/ceej.2022.20075.7337

N. Majidi, H. Tajmir Riahi, S. M. Zandi, Reducing computational efforts in linear and non-
linear analysis of peridynamic models under impact loads, Amirkabir J. Civil Eng., 54(7)

weh gl Wlis (ol 43 s

YYYA



