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1- Peridinamik Teorisine Giris

Peridinamik  (Peridynamic) teorisi ilk olarak
Amerika’nin Sandia Ulusal Laboratuvarr’ nda
arastirmact Dr. S. A. Silling tarafindan 2000 yilinda
ortaya atilmis oldukg¢a yeni ve gelecek vaat eden bir
metottur [1]. Peridinamik teorisinde, A. L. Cauchy
tarafindan yaklasik 200 sene dnce ortaya atilan klasik
stirekli ortamlar mekaniginin hareket denklemleri
tekrar formiile edilmis ve denklemlerin yapisinda
bulunan konuma bagl tiirevler kaldirilarak sadece

hacimsel integraller kullanilmistir (Bkz. Sekil 1).

Malzeme iizerindeki herhangi bir noktanin
hareket denklemi

p(x)ii(x.7)= .[f(u —u'.x—x'")dV" +b(x.?) Peridinamik Teorisi
)

p(x)i(x,7)=V-o+b(x,7) Klasik Teori

Sekil 1 — Peridinamik teorisi ve klasik teori

arasindaki fark

Peridinamik kelimesi Yunanca peri (yakin) ve
dinamik  (kuvvet) kelimelerinin  birlesiminden
olusmustur. Isminden de anlasilacag: gibi bu teoride
herhangi bir noktanin (x) hareket denklemleri
birbirini etkileyen iki noktanin etki ve tepki
kuvvetlerinden (f ve f’) olusmaktadir (Sekil 2). Bu
ylizden bu noktalarin arasindaki etkilesime bag

(bond) adin1 veriyoruz.
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1- Introduction to Peridynamic Theory

Peridynamic theory was first introduced by Dr. S. A.
Silling at Sandia National Laboratories, USA, in the
year of 2000. It is a state-of-the-art technique which
is relatively new and promising tool [1]. It is basically
re-formulation of classical continuum mechanics
theory introduced by A. L. Cauchy more than 200
years ago. The volumetric integral, which does not
include spatial derivatives, is used in its formulations

(Fig. 1).

The Equation of Motion of any point on a
material

p(x)ii(x, )= .[f(u —u'.x-x')dV’' +b(x.t) Peridynamic Theory

v

p(x)ii(x,7)=V.c+b(x,7) Classical Theory

Fig. 1 — Comparison of Peridynamic and classical

theories

The origin of Peridynamic comes from the
combination of greek words Peri (near) and dynamic
(force). In this sense, the equation of motion of a point
(x) is composed of action and reaction forces (f and
f’) of two points that interact with each other (Fig.
2). Thus, the interaction between material points are

called as a bond.
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Sekil 2 — Malzemedeki herhangi bir noktaya etki

eden kuvvetlerin Peridinamik teorisinde gosterimi
(2]

Peridinamik teorisinin avantaji hareket

denklemindeki integral ifadesinden
kaynaklanmaktadir. Sekil 3’de de goriilecegi iizere
klasik teori de bir noktaya etki eden kuvvetler
hesaplanirken sadece kendisine en yakin noktalar
hesaba katilmaktadir. Peridinamik teorisinde ise
sadece kendisine en yakin noktalar degil ayni
zamanda kendinden uzak noktalarin etkisi de dikkate

alinmaktadir (bkz. Sekil 2).
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Sekil 3 — Klasik Siirekli Ortamlar Mekaniginde

malzemedeki herhangi bir noktaya etki eden

kuvvetlerin (T) gosterimi [2]

Peridinamik  teorisindeki ~ denklemlerin  yapisi
(hacimsel integral) oOzellikle siireksizlik olan
ortamlarda; mesela iki farkli malzeme arasindaki ara

ylizeylerde, c¢atlak ve hasar gibi durumlarda (bkz.

Fig. 2 — The representation of forces, which

influence a material point, in Peridynamic theory [2]

The main advantage of Peridynamic theory is the
integral form of its equation of motion. The bond
forces which influence a material point constitute
from only nearest neighbour points of that point in
classical theory, as shown in Fig 3. In Peridynamic
theory, however, not only the nearest neighbors but
also distant points have also effect to a point of

interest (Fig. 2).
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Sekil 3 — The forces (T) that interact with a material

point in classical continuum theory [2]

Peridynamic theory is superior to other classical
methods because of its form (volumetric integral) of
fundemental equations. The best advantage takes
place in cases which include discontinuity such as the
interface between two different materials, cracks and
damage apperance (Fig. 4) in a material or when

analyzing shock problems.



teorisini diger klasik yontemlere gore oldukea iistiin

kilmaktadir.

Sekil 4 — Herhangi bir kaza aninda gemilerde olusan

hasarlar [3] [4]

Peridinamik teorisinin denklemleri sonlu elemanlar
agina (finite element mesh) gerek kalmadan niimerik
olarak modellenebileceginden dolayr kirilma gibi
problemlerin  analizi tekrar ag olusturmaya
(remeshing) gerek kalmadan kolayca yapilabilir.
Ayrica bu metotta malzemedeki bir ¢atlak veya hasar
sadece iki nokta arasindaki kuvvetleri sifirlayarak
kolayca modellenebilir (Sekil 5). Peridinamik
teorisinin bir avantaji da denklemlerin i¢inde dogal
olarak  bulunan uzunluk (length - scale)
parametresidir. Bu parametre sayesinde degisik
Olgeklerdeki (multi — scale) problemler, Grnegin
mikro 6l¢ekli molekiiler yapilar ile makro diizeydeki
kolayca  modellenip,

mithendislik  yapilar

birlestirilebilir (coupling).

Fig. 4 — Damage on the ship structures in the event

of an accident [3] [4]

Since the equation of motion of Peridynamic theory
can be constructed numerically in a meshless form,
there is no need to use remeshing strategies in the
analysis of crack problems. Furthermore, the cracks
or damage which appered in a material can be
modeled easily by canceling out forces between any
two material points (Fig. 5). One of the advantage of
Peridynamic theory is the length — scale parameter
which inherits in the governing equations. In light of
this parameter, many multi —scale problems can be
handled very easily. The micro scale molecular
systems and the macro scale engineering structures
can be modeled easily as well as the coupling

procedures can be applied between different scales.



Giliniimiizde nano seviyede elektronik cihazlar
oldukc¢a yaygin kullanilmaya baglamis ve her alanda
cokca karsimiza  c¢ikmaktadir; Orne§in  cep
telefonlarindaki elektronik ¢ipler gibi. Bu cihazlarin
analizinde 6zellikle klasik lokal yontemler haricinde

Peridinamik gibi uzunluk parametresi iceren lokal —

olmayan (non - local) teoriler kullanilmalidir.

Sekil 5 — Peridinamik teorisinde bir plakadaki

catlagin modellenmesi [5]
2- Gemi Yapilar1 Uygulama Alanlarn

Peridinamik teorisinin gemi yapilarindaki uygulama

alanlarma su sekilde 6rnekler verilebilir:

Sualt1 Sok Etkisinin Gemi Yapilarina Etkisi ve

Analizi

Gemi yapilarina, su alt1 patlamasi gibi, sok etkilerinin
yaptig1 hasarlar sonlu elemanlar (FE) yontemi gibi
bircok sayisal (niimerik) teknik kullanilarak
incelenmistir. Bu sayisal c¢alismalar deneysel
yontemlerle de desteklenerek arastirmacilar her
zaman daha yeni ve iyi bir yontemi aramiglardir.
Simdiye kadar gergeklestirilen bu niimerik ¢aligmalar
sadece klasik siirekli ortamlar teorisine bagli sonlu
elemanlar yontemi ile ger¢eklestirilmistir ki bunlar da

birgok yonden istenilen sonucu saglayamamislardir.

Recently, nano technology has become widespread
around the world and nano scale electronic devices
can be used in many applications, i.e. electronic chips
in our mobile phones. In the analysis of these devices,
not only the local theories but also non — local
theories, which incorporate a length-scale parameter,
should be taken into account as in the Peridynamic

theory.

Fig. 5 — The crack model in Peridynamic theory [5]
2- Marine Structures Applications

Some of the examples that can be considered as the
applications of Peridynamic theory in marine

structures are as follows:

Analysis of Underwater Shock Response of Marine

Structures

The failure and damage -characteristics of ship
structures under shock loading, i.e. underwater
explosion, are analyzed with many numerical
techniques by researchers and mostly the finite
element method is used. These numerical techniques
are also accompanied with experimental studies
which allow researchers to always find better, new
and promising methods. So far, the numerical studies
are based only on finite element method which uses
classical continuum mechanics theory. However, the

desired results can not always be obtained.



Gilinlimiizde kullanilan sonlu elemanlar yonteminin
hareket denklemleri klasik teoriye (giris kisminda
belirttigimiz Cauchy’ nin hareket denklemleri)
baglidir ki bunlar da hasarin tespiti, analizi ve
zamanla catlak gibi olusumlarin ilerlemesinin tespiti
yoniinden oldukg¢a sorunludur. Ciinkii c¢atlak veya
hasar gibi durumlarda konuma bagl tiirevlerden
olusan hareket denklemleri tekillige dogru yakinsar ki
bunlarin ¢6ziimii i¢in ilave kinematik denklemler
ve/veya hasar ilerleme (damage evolution)
denklemleri gereklidir. Ayrica sonlu elemanlar
yonteminde darbenin yaptig1 hasarin tespiti sonlu
elemanlar agina (mesh) karst oldukca hassastir ve
dogru bir sekilde gercege yakin analizi oldukga
zordur. Peridinamik yontemi ise denklemlerinin
yapist geregi hasarin analizinde ve c¢atlagin
ilerlemesinde herhangi ilave kinematik denklemlere
ihtiyag duymaz ¢iinkii siireksizlik peridinamik
denklemlerinin kendi yapisinda dogal olarak
bulunabilmektedir. Ayrica Peridinamik teorisinin
niimerik modellenmesi  sonlu  elemanlar ag1
kullanilmadan (meshless) yapildigindan dolayi, aga
bagli herhangi bir olumsuz etki ile karsilagilmaz ve
analizi oldukga kolaydir. Sekil 6’da gosterildigi gibi
suyun altinda olugsmus herhangi bir patlama
diisiinelim ve bu patlamanin sonucunda olusan sok
dalgalar1 gemi yiizeyine dogru hizla kiiresel dalgalar

seklinde ilerlesin.

Distance. R

Chasge Weight, I

Qelil A — Qu alti natlamacinin temcili oActerimi [A1

The derived equations of finite element method,
which is currently used, are based on classical theory.
Thus, they are inherently controversial in the event of
damage and/or crack occurance, propagation and
their analysis. In these cases, spatial derivates of
equation of motion converge to singularity which has
no meaning physically thus kinematic and/or damage
evolution relations should be incorpoted to the
analysis. Moreover, FE analysis greatly suffers from
mesh sensitivity in impact analyses and it is
challenging to obtain reasonable results. On the other
hand, the governing equations of Peridynamics are in
the form of integro — differential equations, which
naturally incorporates damage into the structure, and
no additional eqautions are needed. Furthermore, its
numerical implementation is done by meshless
approach which results in no unrealistic energy
disipations and their anayses are quite simple. As in
the Fig. 6, if any explosive is detonated under the sea
which is well below the ship surface, the spherical
shock waves instantly propagates through the ship

surface.

-
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Fig. 6 — Schematic representation of underwater

explosion phenomena [6]



[lerleyen dalgalar gemi yiizeyi ile etkilesime gegince
cesitli hasar ve catlaklara sebebiyet verir. Gemi
ylizeyinin Sekil 7° de gosterilen sekilde kompozit,
cok katmanli {ist {iiste bindirilmis tabakalardan

(laminate) olustugunu varsayalim.

Sekil 7 — 4 katmanli kompozit tabaka (laminate) [6]

Sok dalgalarinin bu tabakaya darbesi sonucu olusan
hasarlar Peridinamik teorisi tarafindan kolayca tespit
edilip incelenebilir. Sekil 8’de Peridinamik analizleri

sonucu tespit edilen ¢esitli hasarlar gosterilmektedir.
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a) Kompozit malzemenin PEEK matrisinde
olusan hasar

I'ime =220 ps

b) Kompozit malzemenin karbon fiberlerinde
olusan hasar
Sekil 8 - Sok dalgasinin temasindan 220 ps

sonra kompozit malzemede olusan hasar [7]

Whenever shock waves interact with the ship
surface, several damage and cracks emerge on
it. The material of a ship is laminated
composite structure which is composed of

many laminas stacked on top of each other.

Fig. 7 — 4- ply composite laminate [6]

The damage that is caused by impact of shock
waves can be evaluated and analyzed by
Peridynamic theory. Fig. 8 shows several
damage characteristics and results of
composite laminates which is predicted by

Peridynamic theory.
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a) Damage of PEEK matrix in a composite
material

I'ime =220 ps

b) Damage of carbon fibers in a composite
material

Fig. 8 — Damage results at the end of 220 us



Karaya Oturma ve Carpma gibi Kazalarda Olusan

Hasarin Tespiti ve Analizi

Gemi kazalar1 insan hatalari, teknik sorunlar veya

kot hava  kosullart  neticesinde  ortaya
cikabilmektedir. Bu kazalar iki geminin ¢arpigmasi,
bir geminin offshore yapisina ¢arpmasi veya karaya
oturma sekillerinde goriilebilmektedir. Sonug¢ olarak
istenmeyen ve insan hayatina mal olan veya denize
dokiilen yakitin yayilmasi sonucu olusan cevresel
etkileri olabilmektedir. Bu gibi hasarlarin tespitinde
ve analizinde Peridinamik teorisi etkin bir sekilde
kullanilabilmektedir. Yapilan analizin sonuglari
cesitli deneysel verilerle karsilastirilabilir. Sekil
9a’da koni seklinde kati (rijid) bir yapinin ince bir
plakaya etkisi gosterilmistir. Burada koni seklindeki
yapt geminin yumru basini (bulbous bow) ve ince
levhada diger bir geminin ylizeyini temsil etmektedir.
Yada benzer bir sekilde koni seklindeki rijid yapiy1
herhangi bir kaya ya da deniz tabami olarak da

diisiinebiliriz (bkz. Sekil 9b).

a) Rijid koni ve levhadan olusan deneysel diizenek
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b) Karaya oturma ve ¢arpismanin temsili

gosterimi

Sekil 9 [8][9]

The Evaluation and Analysis of Damage in

the Event of Ship Grounding and Collision

Accidents can happen at any time due to
human error, technical problems or harsh
environmental conditions. For the ships,
accidents may occur in several forms such as
collision of two ships, collision of a ship with
a flexible offshore structure or grounding
phenomenon. All of these may result in
undesirable and catastrophic consequences
including human life loses, environmental
problems due to oil spill, etc. The
consequences and damage characteristics of
these phenomena can effectively be analysed
with Peridynamic theory. The results of those
analyses can be compared with experimental
studies. The impact of rigid conic structure to
a thin plate is shown in Fig. 9a. The conic
striking object can be assumed as bulbous
bow of ship and thin plate is the representative
of the ship surface. In a similar manner, the
rigid structure may be assumed as sharp rock

or seabed topology (Fig. 9b).
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a) Experimental setup of indenter mechanism and a

cone shape indenter acting on a plate
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Sekil 9a’ da gosterilen deneysel ¢aligma, Peridinamik
teorisi ile niimerik olarak analiz edilmistir (Sekil 10).
Yapilan carpma analizi sonucunda elde edilen yer
degistirmeler, sonlu elemanlar yontemi ile
karsilagtirilmistir ve gayet makul sonuglar elde
edilmigtir. Peridinamik teorisinin, klasik sonlu
elemanlar yontemine gore avantaji yapida hasar ve
catlaklarin ortaya ¢ikmasi ile birlikte baslamaktadir.

Bu caligma bu yonde halen devam etmektedir.

Sekil 10 — Rijid konik yapinin gemi ylizeyini temsil
eden ince plakaya darbesinin Peridinamik analizi ve
bu etkinin sonucunda olusan yer degistirmelerin

gosterimi [5]

Akiskan ile Kat1 Yapinin Etkilesimi

Akiskan ile kat1 yapilarin etkilesimi birgok hava, uzay

ve gemi  yapilarmin  analizinde  fazlaca
kullanilmaktadir.  Literatiirde ¢esitli calismalar
yapilmistir ve bu baglamda Peridinamik teorisi de
gercek sonuglar1 yakalamada oldukca yeteneklidir.
Sekil 11°de ise bir beton yapiin i¢inde bulunan
patlayict malzemenin patlamasi sonucu olusan gaz
halindeki sok dalgalarinin beton yapiya etkisi

gosterilmektedir.

b) Ship grounding and collision of rigid

bulbous bow
Fig. 9 [8] [9]

The experimental impact work shown in Fig. 9a, is
studied with Peridynamic theory numerically (Fig.
10). The evaluated displacement results are compared
with FE method and they are found as in agreement
with each other. On the other hand, the superiority of
Perdiynamic theory, as compared to classical FE
method, takes place whenever cracks and damage

emerge in a material. This work is still in progress.

Fig. 10 — The impact of a conical shaped rigid target
to a thin plate and their Peridynamic results in the

form of displacements [5]

Fluid Structure Interaction

The Fluid-structure interactions (FSI) exist especially
in aerospace and marine related phenomena and so
on. There have been many studies already done in the
literature and PD theory is quite capable of capturing
actual phenomena in this regard. In Fig. 11, the

impact and interaction of gas shock waves to a



Bu analiz sonlu elemanlar ag:1 kullaniimadan
(meshless) Peridinamik yontemi ile gayet kolay ve

etkin bir sekilde yapilmistir.

t=90 us

Wm0

t=120 ps t=145 ps

Sekil 11 — Akigskan — kat1 etkilesiminin Peridinamik

yontemi ile analizi [10]

Buz Parcasmin Herhangi bir Kat1 Yiizeye Darbesi

Gemi yapilarinin buz dag gibi yapilarla etkilesiminin
analizi oldukg¢a 6nemli ve ilgi ¢ekicidir. Bu baglamda
Peridinamik teorisi etkin bir sekilde kullanilabilir.
Sekil 12’de Peridinamik analizi sonucu herhangi bir
kiibik buz kiitlesinin rijid ylizeyle etkilesimi ve

dagilmasi gosterilmektedir.

Sekil 12 — Buz kiitlesinin rijid bir yiizeyle

etkilesiminin Peridinamik analizi

concrete structure after detonation of an explosive
material are shown. This work was carried out rather
simply with the help of meshless approach in
Peridynamic theory.

t=120 ps t=145 ps
Fig. 11 — Peridynamic work on FSI [10]

Impact modeling of an Ice Structure on the Rigid

Surface

The computer simulation of ice impact phenomena
acting on a marine structures, such as the interaction
between iceberg and a ship structure, has critical
importance as well as it is very challenging. Hence,
one may take advantage of a Peridynamic theory. As
a preliminary work, the PD model of an ice cube was
generated and its impact to a rigid target was studied
as shown in Fig. 12, in which the ice cube was

modelled in a brittle sense.




Kaynaklar - References Fig. 12 — Peridynamic simulation of an ice cube

impact to a rigid target
[1T  S.A. Silling, “Reformulation of elasticity

theory for discontinuities and long-range
forces,” J. Mech. Phys. Solids, vol. 48, no. 1,
pp. 175-209, Jan. 2000.

[2] E.Madenci and E. Oterkus, Peridynamic
Theory and Its Applications. New York, NY:
Springer New York, 2014.

[3] J. Konrad, “Ship Disasters At Sea — Photos of
Maritime Destruction,” 2008. [Online].
Available: http://gcaptain.com/disaster-at-sea-

photos-of-maritime-destruction/. [Accessed:

23-Oct-2017].

[4] P.Hancock, “Recurring Nightmare: 1999
Collision of Norwegian Dream,” Shipwreck
Log, 2015. [Online]. Available:
https://www.shipwrecklog.com/log/2015/10/r
ecurring-nightmare-1999-collision-of-

norwegian-dream/. [Accessed: 23-Oct-2017].

[5] C. Diyaroglu, “Peridynamics and Its
Applications in Marine Structures,”

University of Strathclyde, 2016.

[6] C. Diyaroglu, E. Oterkus, D. De Meo, and E.
Madenci, “Peridynamic Modelling of
Underwater Shock Response of Marine
Composite Structures,” in USNCCM
Conference, 2015.

[7] C. Diyaroglu, E. Oterkus, E. Madenci, T.
Rabczuk, and A. Siddiq, “Peridynamic
modeling of composite laminates under

explosive loading,” Compos. Struct., vol. 144,

2016.

[8] H.S. Alsos and J. Amdahl, “On the resistance
to penetration of stiffened plates, Part I —

Experiments,” Int. J. Impact Eng., vol. 36, no.



[9]

[10]

A. Klanac, T. Duletic, S. Ehlers, F. Goerlandt,
and D. Frank, “Environmental Risk of
Collision for Enclosed Seas: Gulf of Finland,
Adriatic, and Implications for Tanker
Design,” in 5th International Conference on
Collision and Grounding of Ships, Espoo,
2010.

C. Diyaroglu, D. De Meo, and E. Oterkus, “A
Computational Framework for Underwater
Shock Response of Marine Structures,” in 5th

International Conference on Marine

Structures MARSTRUCT, 2015.



