PREDICTING THE BEHAVIOUR OF CANDI
PRAMBANAN UNDER EARTHQUAKE LOAD:
LITERATURE REVIEW

Final Project Report
As one of the requirements to receive bachelor degree

of Universitas Atma Jaya Yogyakarta

By:

Karina Octavia

171316792

INTERNATIONAL CIVIL ENGINEERING PROGRAM
FACULTY OF ENGINEERING
UNIVERSITAS ATMA JAYA
YOGYAKARTA
2021



Predicting the Behaviour of Candi Prambanan Under Earthquake Load:
Literature Review

Final Project Report
As one of the requirements to receive bachelor degree

of Universitas Atma Jaya Yogyakarta

By:

Karina Octavia

171316792

INTERNATIONAL CIVIL ENGINEERING PROGRAM
FACULTY OF ENGINEERING
UNIVERSITAS ATMA JAYA
YOGYAKARTA
2021

i



APPROVAL SHEET
Final Project

Predicting the Behaviour of Candi Prambanan Under Earthquake Load:
Literature Review

By:
Karina Octavia
Student Number: 171316792

Has been checked and supervised by:

Tainan, June 2021 Yogyakarta, June 2021

Supervisor 1, Supervisor I,

Prof. Wu-Jian Hong Dr. Eng. Luky Handoko
Approved by:

Department of Civil Engineering

Chairman,

Ir. A. Y. Harijanto Setiawan, M.Eng., Ph.D.

111



Final Project

PREDICTING THE BEHAVIOUR OF CANDI PRAMBANAN UNDER
EARTHQUAKE LOAD: LITERATURE REVIEW

By:
Karina Octavia

Student Number: 171316792

Has been examined and approved

Name Signature Date
Chief : Luky Handoko, S.T., M.Eng., Dr. Eng.  ............. ...........
Secretary . J. Tri Hatmoko, Ir., M.Sc. ...
Member : FX. Junaedi Utomo, Ir., M.Eng., Dr. ~ ............. ...

v



DECLARATION
Author, the one whom sign below:
Name : Karina Octavia
Student Number : 171316792

Field Specialization : Geotechnical Engineering

Declare that the research which title is written below is original and does not a

copy or refer to any plagiarism action:

“PREDICTING THE BEHAVIOUR OF CANDI PRAMBANAN UNDER

EARTHQUAKE LOAD: LITERATURE REVIEW”

If there is any proof claimed that the research is a copy or is done by other
individuals, author is willing to receive any consequences even if the research is

stated fail by the authorities.

Malang, June 2021

Author,

Karina Octavia



PREFACE

This research is one of the requirements of fulfilling bachelor degree of
Universitas Atma Jaya Yogyakarta. This research is finished under “3+2
Program” in Taiwan, where Universitas Atma Jaya Yogyakarta and National
Cheng Kung University has an agreement and collaboration. The background of
this research is to determine the suitable numerical method for predicting the
behaviour of Candi Prambanan and joint parameters that govern the strength of
the overall strength of the masonry. The research is conducted by literature review

by reviewing 15 papers discussing related topic.

Chapter 1 of the report contains the introduction, research background,
research motivation, scope and limitation. Chapter II is the literature review about
the previous research conducted by another author about related subject. Chapter
III is the basic theory that provide basic knowledge about this research. Chapter
IV is the methodology or method conducted for this research. Chapter V is the
discussion related to the objective of this research. And Chapter VI contains the
conclusion and suggestion of this study. Author realizes that this report is not

perfect enough, therefore the author apologized.

Malang, June 20% 20221

Author

vi



ACKNOWLEDGEMENTS

Sincerely authors give the praises and thanks to Jesus Christ, with all of
His graces and blessings, authors finished the final report in timely manner.
Although everything is conducted online due to pandemic, author could finish this
final report without any problems. Authors realize that this final report could not
be done without the help from others. For that, I would like to thank these people

mentioned below:

1. Professor Wu, Jian Hong as author’s academic counselor in Taiwan
that has guided author to finish this final report.

2. Dr. Luky Handoko as author’s academic counselor in Indonesia that
has guided author to finish this final report.

3. Mr. Johan Ardianto, S.T., M.Eng. as coordinator of civil engineering
program of Universitas Atma Jaya Yogyakarta.

4. My family as my number one supporter in morally and financially to
finish this final report.

5. Balai Pelestarian Cagar Budaya Daerah Istimewa Yogyakarta (BPCB
DIY) for permitting the survey.

6. Rico, Arya, Rininta, and Vicko who help me for collecting data in
Prambanan. Keren, Rico, Alvin, Hansel who always cheer me up and
supporting when I am down.

7. The last but not the least, all of the participants that have took place in

finishing the final report that cannot be mentioned one by one.

Author fully realizes that this report is far beyond the word ‘perfect’. Thus,
both developing critic and suggestion are expected to make this report better.
Finally, author really hopes that this report is really beneficial to all sides and

readers.
Yogyakarta, June 2021

Author

Vil



TABLE OF CONTENT

COVER ...ttt ettt ettt e bttt et ae et sstesae et i
SUB COVER ...ttt sttt e i
APPROVAL SHEET ........ooiiieieeeeeee ettt e il
EXAMINERS SHEET.......ccoiiiiiiieieeeeee ettt v
DECLARATION.....cotiitieiestt ettt ete et steeaessteee e eeeesseenaesaeeseensesssensesnsesseensens A%
PREFACE..... . oottt ettt eae st esaeesaesntasseasaeeseenseensesseenseenseeneenseensenns vi
ACKNOWLEDGEMENT ......ccoitiiiiiiiiniiiiet ettt sttt vii
TABLE OF CONTENT ......c.cooiiiiiiiiiesie e sites e etestee e ssaeenneensasseenseennesseensessnens viii
LIST OF FIGURES ... ..ottt ettt sttt et st X
LIST OF TABLES.......ooo oottt ettt ettt et ese s sneesaensensaenneeseenseennas xiii
ABSTRACT ...ttt ettt ettt et st e st sate et e ebeentesneenseensesseenneas Xiv
CHAPTER I INTRODUCTION.......coitiiitieieniienieeiesieesieesteseeseenseeneeseenaeeeeseeenee 1
L1 Background.........cccoooviiiiiiiieiiecieeeee et eieeeveesteesaeeaeessaeesaesaeeenseessneenneas 1
1.2 Research MOtiVation..........covueiiirierieiieiceieeiesieeie sttt 2
1.3 Research ODBJECHIVES.......coiueriiriiiiiniieiieteniteeeeeee et 3
1.4 Research Method and Process...........cccoooueeriiiiiiiiieniiiiieiicceeeeee 3
1.5 Scope of Research.........cccoouiiiiiiiii e 5
1.6 Research Benefit...........oooiiiiiiiiiniiiii e 5
CHAPTER II LITERATURE REVIEW.....ccocooiiiiiiiiiinieeceeeeeeee e 6
2.1  History and Early Construction of Candi Prambanan.............................. 6
2.2 Numerical Method for Analysing Masonry Structure...........ccccceeeveenveenne.. 9
2.2.1  Numerical Method using Finite Element Method (FEM)................ 14
2.2.2  Numerical Method using Distinct Element Method (DEM)............ 27
2.2.3  Numerical Method using DDA..........cccooiiiiiiiiiiecceeeeeee 42

2.3 Mortar JOINt PrOPEIties.......cccuiiieiiieeiieeciieeeiee ettt evee e 56
CHAPTER III BASIC THEORY ...ttt 73
3.1 MasoNry SIUCTUTE......cceeviiiiiiriieie ettt 73
3.1.1  Modelling of the Masonry Structure..............cceerveeevrerreereeneennenns 75

3.2 Mortar Joint in Masonry StruCTUIE........ccueervierieeriierieereeereeiee e 78
CHAPTER IV METHODOLOGY ....coittiiiriieiieierieesieee st 81



4.1 LIterature REVIEW....oooeeeeiieeeeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeee e eeeeeeeeeeeeeeeeeeeeeeeeees 81

4.2 Procedure for Literature ReVIEW.........cccoeviiiiieiiiiiiiiiieiiceceeeeeee 82
CHAPTER V DISSCUSION........oiiiitieieeierie ettt eiesee e se e sseensesneens 84
5.1  Object of the Research............cccceevuiiiiiniiiiiiiieeee e 84
5.2 Discontinuous Deformation Analysis (DDA) as Proposed Method....... 85
5.3  Discontinuous Deformation Analysis (DDA): General Overview.......... 89
5.3.1  The Unknowns at DDA..........ccccoiiiiiiiiiiienieeieeeeeeseee e 89
532  Contacts I DDA .....c.oiiiiiieiiieie et 92

5.4 JOINE PrOPETTICS. ...uiiitieriiieiieiieetientieeiteesteeeteesseeeseessaeseseeseessseenseensseenns 93
5.4.1  Material of blocks and mortar joint of Candi Prambanan............... 93
5.4.2  Assumption for mortar joint for Candi Prambanan........................ 97
543 DAMPING...ccouiiitieiieeiieeieestteateesteesteesttesnteeabeesnseassiesnneensaesnseeseesnnes 99
CHAPTER VI CONCLUSION AND SUGGESTION.......ccccceviiiiiiaiiienieeenne 100
0.1 CONCIUSION. ...eeutieniieiieitieite ettt ettt ettt e sieesbeenesane s eabesneeneeenee e 100
0.2 SUZEESTION. ..cuuiiiitieiiieitieeeieetieneeessteesseeeestesseessseessaessseesseessseesseessseesseenses 100
REFERENCES. ... oottt ettt ettt et sttt sbe et 102

X



LIST OF FIGURES

Figure 1.1 Process of the reSearch...........ccoceeviiiiiieiiieniiciiciececee e 4
Figure 2.1 Candi Prambanan in Yogyakarta............ccccceevveriienienieenieeieeee e 7
Figure 2.2 Candi Prambanan complex with 3 sections..........ccccceceeveriiiniincnicnnne 8
Figure 2.3 Mock up of complete Candi Prambanan............c.ccooceeviiiiiiniiinnnn. 9
Figure 2.4 The profile of backfilled semi circular single span bridge (Thavalingam
€1 AL, 2001 )ittt ettt e e sttt et te et e enaenteenaeenaenneenreeneens 14
Figure 2.5 The geometry model of DIANA (Thavalingam et al., 2001)............... 15
Figure 2.6 The deformation and failure mode of the arch bridge using FEM
(Thavalingam et al.; 2001 ).......cooiiiiieiiieieee e 15
Figure 2.7 The comparison of the numerical and experimental result
(Thavalingam et @l.; 2001)....c...cccviiiieriiieiieeie et ere e ereeeeesereesee e 16
Figure 2.8 Profile of the facade (Giordano et al., 2002)............cccecveieninnienine 17
Figure 2.9 The fagade modelled using ABAQUS (Giordano et al., 2002)............ 17
Figure 2.10 Comparison between experimental and numerical test...................... 19
Figure 2.11 Profile of masonry wall (Giamundo et al., 2014)............ccccereereenen. 19
Figure 2.12 The geometry of the masonry wall using FEM...........cccccoceneeinnnn. 21
Figure 2.13 Comparison between experimental and numerical test using FEM
(Giamundo et al., 2014)........oiiiiiiiieiieeie et este et e ete et e saeeaaesnbeenaeseaeesaens 22

Figure 2.14 Geomertry of Basilica generated using Finite Element Method........ 24
Figure 2.15 Displacement of the masonry structure (Betti & Vignoli, 2011)....... 26
Figure 2.16 Cracking pattern of the masonry structure (Betti & Vignoli, 2011)...26
Figure 2.17 The geometry model using DEM (PFC) (Thavalingam et al., 2001).28
Figure 2.18 The deformation and failure mode of the arch bridge using DEM.... 28

Figure 2.19 The geometry model using DEM (Giordano et al., 2002).................. 30
Figure 2.20 Comparison between experimental and DEM result.......................... 31
Figure 2.21 The geometry of the masonry wall using DEM...............c.cccceene. 33

Figure 2.22 Comparison between experimental and numerical test using DEM...33
Figure 2.23 Failure locations predicted using DEM (Giamundo et al., 2014)....... 34
Figure 2.24 Main Fagade of Kuno Tambo Church in Peru (Mendes et al., 2020).35

Figure 2.25 Geometry of the facade and longitudinal wall in 3D.............ccccc..e.e. 36
Figure 2.26 Result of pushover analysis in: (a) outwards (-Y) and (b) inwards (+Y)
(Mendes et al., 2020).......ccciieeiiieeiieecee et e et e e e e e e eeereeees 38
Figure 2.27 Caerphilly Tower in South Wales, UK (Kassotakis et al., 2020)....... 39
Figure 2.28 Geometry of the tower using DEM (Kassotakis et al., 2020)............. 40
Figure 2.29 Geometry of the tower using different size of voxels: (a) 30 cm, (b)

40 cm, and (c) 50 cm (Kassotakis et al., 2020).........ccceeevrrerieeiiienieeieeeeeie e 41

Figure 2.30 Failure mode of the tower using DEM (Kassotakis et al., 2020)....... 42
Figure 2.31 The geometry of backfilled masonry arch bridges using DDA.......... 43
Figure 2.32 The deformation and failure mode of the arch bridge using DDA

(Thavalingam et al., 2001 )......cc.eeriiiiirieeiereeee e 44
Figure 2.33 Dimension and load subjected into the arch or vault.......................... 46



Figure 2.34 Sequence of collapse for arch with 9 joints...........coccevvieviiienenenne. 46
Figure 2.35 2nd step of collapsing (initial failure) for arch with 17 and 27 joints

(Pérez-Aparicio et al., 2013)...c.ciiiiiiieiieieeeeeeee e e 47
Figure 2.36 Sequence of collapse for arch with 61 joints...........cccceeevveriirieennennne. 47
Figure 2.37 Geomertry of the Angkor Ruin generated by DDA............c.cc........ 49
Figure 2.38 Distribution of the displacement of the tower, (a) Case A, and (b)

Case B (Hashimoto et al., 2014)....cccceiiiiinieeiieiieiiieieecie et 51
Figure 2.39 Real condition of Mamshit in Israel (Kamai et al., 2005).................. 53
Figure 2.40 Geometry of Mamshit using DDA (Kamai et al., 2005).................... 53
Figure 2.41 Deformation of Mamshit due to (a) ‘dis mode’, (b) ‘gk mode’......... 54
Figure 2.42 Geometry of the Mosca bridge using DDA (Ma et al., 1996)............ 55
Figure 2.43 Result of analysis using DDA (Ma et al., 1996)............ccccceevernnenen. 56

Figure 2.44 Masonry arch structure generated using DEM (Idris et al., 2009)..... 60
Figure 2.45 The sample of the analysis for the Total Length of Open Joint (TLOJ)

................................................................................................................................ 60
Figure 2.46 The sample of the analysis for the Total Length of Joint at Limiting
Friction (TLILE) ..ottt ettt e ens 61
Figure 2.47 Respons of the Joint Properties towards the Total Length of Open
Joint (TLOJ) (Idris et al., 2009)......cccoiiiiiiieiieiiieecie ettt ettt 61
Figure 2.48 Respons of the Joint Properties towards the Total Length of Joint at
Limiting Friction (TLJLF) (Idris et al., 2009).......ccceevuierieeiieenieeiireeniieecee e 61
Figure 2.49 Specimen and equipment for triplet shear test...............ccceovveevrennennne. 63
Figure 2.50 Effect of normal stress towards, (a) shear strength, (b) residual shear
strength (Rahman & Ueda, 2014).....cc.coeviiiiiiiieieeieeee et 64

Figure 2.51 Dimension and profile of the masonry lintel (Sarhosis et al., 2015).. 65
Figure 2.52 Influence of joint parameters at first crack (Sarhosis et al., 2015).....67
Figure 2.53 Influence of joint parameters at ultimate load (Sarhosis et al., 2015) 68
Figure 2.54 Shape and Dimension of the specimen (Hossain et al., 2016)........... 70
Figure 2.55 Suggested Mohr-Coulomb failure criterion for dry joint masonry.....70
Figure 2.56 Mohr Coulomb failure criterion, (a) dynamic test and (b) static test. 72
Figure 3.1 Modelling strategies for masonry structure: (a) Detailed micro-

modelling, (b) simplified micro-modelling, and (c) macro-modelling.................. 77
Figure 3.2 Mortar joint and dry joint masonry (D’Altri et al., 2020).................... 79
Figure 3.3 Head joint and bed joint (Vemuri et al., 2018)........ccccceeviiiniiiiinnenne 79

Figure 3.4 Modes failure of the joint: (a) direct tensile cracking of joint, (b)
sliding along bed or head joint, (c) diagonal tensile cracking of units, (d)
compressive failure due to mortar dilatancy and (e) cracking of units in direct

tension (D’Altri et al., 2020; Sutcliffe et al., 1999)......cccoeevieeiciiieiiieeeeeeee, 80
Figure 5.1 Candi Perwara in Prambanan compleX........cccccoceverviniininicnicncnnene. 85
Figure 5.2 Geometry of Candi Kelir..........ccoceeviiniiiiniiniiniiicnicecccecce 87
Figure 5.3 Unknowns in DDA blOCK.....c..cccceriiniiiiiiiniiiiiiiciccecceceeen 90
Figure 5.4 Types of contact in DDA (Do & Wu, 2020).......cccceviieiiiniieniianieenen. 93

X1



Figure 5.5 Difference of contact (a) Joint element in FEM, (b) Point contacts in

Discrete Method (Giordano et al., 2002).........cccevieiieiiiniienieeeieseeeee e 93
Figure 5.6 Comparison of Candi in Indonesia: (a) Candi Trowulan in East Java, (b)
Candi Prambanan in YogyaKarta...........cccceecueeriieiiieiieniieieecie e 95

Figure 5.7 Vertical connection system: (a) Purus system, (b) Bibir lurus berkait
system, and (c) Combination between (a) and (b) (Pramumijoyo et al., 2009).....96
Figure 5.8 Horizontal connection system called Ekor Burung system

(Pramumijoyo et al., 2009).......cccuiiiiieiiieiieeieesieee ettt 96
Figure 5.9 Joint modelling and block contact in DDA (Idris et al., 2009)............ 97
Figure 5.10 Mohr-Coulomb Failure Criterion (Rahman & Ueda, 2014)............... 98
Figure 5.11 Contact Mechanism in (a) DDA and (b) DEM...........c.cccocoiniienenne 99

Xii



LIST OF TABLES

Table 2.1 Authors and Papers Discussing Numerical Method Used for Analysing

the Historical Masonry SHUCLUIE.........cccueervierieeiiieeieeieeeieeiee et e e eeeeeeeeesee e 9
Table 2.2 Numerical Method Used by the Authors...........ccccooeeviniiniinniinennen. 10
Table 2.3 Software Used by the AuthOrs..........coceeviiiiniiiiniiiiiecceceee, 11
Table 2.4 Parameter values for facade using FEM (ABAQUS)..........ccccocuevuenee. 18

Table 2.5 Material properties for model using FEM (Giamundo et al., 2014)......21
Table 2.6 Experimental and numerical test result of masonry wall using DIANA?22

Table 2.7 Elastic parameters of the Basilica modelled using FEM....................... 25
Table 2.8 Drucker-Prager yield criterion to perform the non-linear behaviour of
the masonry structure (Betti & Vignoli, 2011)......cccccviviiiiiiiniienininicniciceeene. 25
Table 2.9 William and Warnke failure surface criterion of the masonry masonry
structure (Betti & Vignoli, 2011).....ccc.oiiiiiiiiiiiiiiieenie e 25
Table 2.10 Material properties of Sao Vicente de Fora (Giordano et al., 2002)....31
Table 2.11 Parameter values in UDEC (Giordano et al., 2002)...........ccccveennennne. 31
Table 2.12 Interfaces properties of the masonry (Mendes et al., 2020)................. 37
Table 2.13 Joint properties of the tower (Kassotakis et al., 2020)..........c.ccee.n..... 39
Table 2.14 Displacement’s result respect to the voxel’s size (Kassotakis et al.,
i x| W MR 00 | 4 . 41
Table 2.15 Material properties of the blocks (Pérez-Aparicio et al., 2013)........... 46
Table 2.16 Experimental and Numerical result of q0 applies until collapse......... 48
Table 2.17 Material properties for the Angkor Wat (Hashimoto et al., 2014).......49
Table 2.18 Joint properties for the Angkor Wat (Hashimoto et al., 2014)............ 50
Table 2.19 Settlement and Iclination of the Prasat Suor Prat N1 Tower............... 51
Table 2.20 Mechanical properties for the Avdat and Mamshit (Kamai et al., 2005)
................................................................................................................................ 52
Table 2.21 Authors and Papers Discussing the Joint’s Parameters affecting the
Shear Stress of the Masonry StruCture............cccoveverienieneniiinienencneceeieeenne 56
Table 2.22 Joint Properties that become the main focused of the research by
ANOLhET AULNOTS. ... eieiiiiii e 57
Table 2.23 Distribution of Value for each joint properties and specimen............. 58
Table 2.24 Specification of the specimen using different mortar.......................... 63
Table 2.25 Material properties of the Blocks and Joints (Sarhosis et al., 2015)....66
Table 2.26 Treatment for testing the SIM blocks (Hossain et al., 2016)............... 71

Table 5.1 Advantages and Disadvantages of FEM (Betti & Vignoli, 2011; Chen &
Ph, 2016; Giamundo et al., 2014; Giordano et al., 2002; Lemos, 2007; Lourenco,

Table 5.2 Advantages and Disadvantages of DEM (Giamundo et al., 2014;
Kassotakis et al., 2020; Lemos, 2007; Mendes et al., 2020; Thavalingam et al.,

2001 ettt ettt ettt ettt ettt ettt e b b en e st et et et e tenteebeeneeneenens 88
Table 5.3 Advantages and Disadvantages of DDA (Hashimoto et al., 2014; Pérez-
Aparicio et al., 2013; Sasaki et al., 2011; Thavalingam et al., 2001).................... 89

Xiil



ABSTRACT

PREDICTING THE BEHAVIOUR OF CANDI PRAMBANAN UNDER
EARTHQUAKE LOAD: LITERATURE REVIEW, Karina Octavia, Student
Number 171316792, the Year 2021, Field of Geotechnical Engineering,
International Civil Engineering Program, Faculty of Engineering, Universitas
Atma Jaya Yogyakarta.

Candi Prambanan is an example of various historical building available in
Indonesia. However, it is threatened by high potency of earthquake in Indonesia.
Assessing the stability of Candi Prambanan is important to determine if it still
able to sustain earthquake load and as a step for preservation and restoration. One
way to conduct the analysis by using experimental test, yet it is not feasible,
therefore numerical method is chosen for assessing the stability of Candi
Prambanan. There are various numerical methods with its own basic principles
and assumptions. To determine which numerical method is suitable for predicting
the behaviour of Candi Prambanan under earthquake load, literature study was
conducted. This literature study was aiming to obtain basic understanding about
various numerical method for assessing the masonry structure under earthquake
load based on previous research. Candi Prambanan as a masonry structure shows
high discontinuity due to its geometry of the component, hence traditional
numerical method such as Finite Element Method (FEM) is not able to describe
the behaviour of the structure fully since FEM is not allowed fully detachment.
Therefore, Discontinuous Deformation Analysis (DDA) is the suitable numerical
method for assessing Candi Prambanan. The geometry of Candi Prambanan can
be discretized into blocks and mortar joints, and large displacement until fully
detachment is allowed. Implicit time integration adopted by the DDA cause the
analysis becomes more stable and accurate. During the research, it was found out
that the mortar joint is the weakest part in the masonry structure. The joint
properties such as joint cohesion and friction angle are the govern joint properties
that control the shear strength of the masonry. Thus, the failure in the joint follows
the Mohr-Coulomb failure criterion.

Keywords: Numerical Method, DDA, Joint Properties
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