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Founded in 1991. in Zagreb, Croatia

33 years of structural engineering experience:

Structural design in steelwork, concrete,
timber and masonry

Special structures

Building performance

Assessment & renovation

Refurbishment, re-modelling and renovation
of historic and listed structures

e Seismic assessment & rehabilitation

Foundation design, including deep
basement for urban sites

A

Studio Arhing / Structural Engineering Office

Expertise:

Building Seismic Assessment Expert / U.S.
Department of State

Research, Documenting and Renovation of
Historic Structures / Croatian Ministry of Culture
Heritage buildings Seismic Consultants /
Croatian Centre for Earthquake

Engineering CCEE
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Content:

1. Introduction — damage to sacral and heritage buildings after the earthquake

2. Urgent measures
3. Documentation and Research / ANAMNESIS - HISTORY

4. Assessment of the condition of the building structure / DIAGNOSIS

5. Technical solutions for repair and reinforcement / THERAPY
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cPrL Damage to heritage buildings

Peak Ground Acceleration on Reference (Type A) Bedrock (a g ) with a

s b . : 10 % probability of being exceeded in 50 years (475 year return
Including Italy and Turkey, Balkan | i period) — LIFE SAFETY for important cities in our region:
Peninsula is a territory with {5
greatest seismic hazard , 7 ZAGREB ~ 0.26g — 0.29g
SKOPJE ~0.24g
SARAJEVO ~ 0.20g

DUBROVNIK ~0.31g
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cPrL Damage to heritage buildings

Tablica. Stupnjevi o3tecen]a za zidane gradevine prema EMS-98 klasifikactji

Detaljan opis

Kategorija
Ed
§

Zagreb M, = 5,5

Neznatno do blago oiteéenje

- zanemarivo konstruktivno oitecenje

- blago nekonstruktivno o3tecenje

Vrio tanke pukotine u ponekim zidovima

Otpadanje malih komada Zbuke

Vrlo rijetko otpadanje pojedinaénih odvojenih
dijelova zida

Zagreb, March 2020 ]

PetrinjaM, = 6,3 ;

Petrinja, December 2020

Umjereno oitecenje

- blago konstruktivna odtecenje

- umjereno nekonstruktivno ostecenje
Pukotine u brojnim zidovima
Otpadanie vecih komada 3buke
Djelomicno otkazivanje dimnjaka

Znatajno do tesko ostecenje

- umjereno konstruktivno oitecenje

- tesko nekonstruktivio ostecenje

Velike, razvedene pukotine u vecini zidova

Otpadanje crijepa

Otkazivanje dimnjaka u razini krova

Otkazivanja pojedinaénih nekonstruktivnih
elemenata (pregradni, zabatni zidovi)

vrlo teSko o3tecenje

- te3ko konstruktivno oiteéenje

- vrlo te3ko nekonstruktivno o3tecenje

Znatajno otkazivanje zidova

Djelomitno otkazivanje konstrukcija krovova
medukatnih konstrukeija

Otkazivanje
- wrlo tedko konstruktivno o3tecenje
Potpuno il gotovo potpuno ruienje

57 000 damaged buildings

206 damaged sacral buildings

... out of which 52 severly damaged

Izvor:

1. World Bank Report: Croatia December 2020 Earthquake—Rapid Damage And Needs Assessment; Government of Croatia: Zagreb, Croatia, 2021.

2. The Database of Usability Classification, Croatian Centre of Earthquake Engineering (HCPI—Hrvatski Centar za Potresno InZenjerstvo); Faculty of Civil Engineering, University of Zagreb:
Zagreb, Croatia, 2020.

3. M. Stepinac, P.B. Lourenco, J. Atali¢, T. Kisiek, M. Uro§, M. Baniéek, M. Savor Novak, Damage classification of residential buildings in historical downtown after the ML5.5 earthquake in
Zagreb, Croatia in 2020 Int. J. Disaster Risk Reduct., vol. 56 (. 2021), 10.1016/].ijjdrr.2021.102140
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cPrL Damage to heritage buildings

® Religious = Cultural institutions ™ Public institutions ™ Housing and business

m Slight = Moderate m Extensive W Heritage protected m Other

Total damaged surface area

Damage to the heritage
[m?] of sacral architecture

protected sacral architecture

Izvor:
1. World Bank Report: Croatia December 2020 Earthquake—Rapid Damage And Needs Assessment; Government of Croatia: Zagreb, Croatia, 2021.

2. The Database of Usability Classification, Croatian Centre of Earthquake Engineering (HCPI—Hrvatski Centar za Potresno InZenjerstvo); Faculty of Civil Engineering, University of Zagreb:

Zagreb, Croatia, 2020. 5
3. M. Stepinac, P.B. Lourencgo, J. Atalic, T. KiSi¢ek, M. Uros, M. Bani¢ek, M. Savor Novak, Damage classification of residential buildings in historical downtown after the ML5.5 earthquake in

Zagreb, Croatia in 2020 Int. J. Disaster Risk Reduct., vol. 56 (. 2021), 10.1016/.ijdrr.2021.102140
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Damage to heritage buildings
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Damage to heritage buildings
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Damage to heritage buildings
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Damage to heritage buildings
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Damage to heritage buildings
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Heritage buildings

Specific Issues in Structural
Assessment / Intervention Approach

Interdisciplinary approach (wide range of involved competences: engineers, architects, material experts,
conservators, restorers, art historians, archaeologists, lab technicians, ...)

Historical information (sources: owner archives, conservatory department, literature, field research)
Investigative field research (in-situ and laboratory testing): timber, masonry, steel, concrete, foundation soil /
Material and geometric characterisation of the structure

Structural Analysis / Numerical modelling Identification of potential vulnerabilities -> understanding of structure
behaviour

Intervention Design

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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[COMOS

international council on monuments and sites

) AR

I
ICOMOS CHARTER- PRINCIPLES FOR THE “ i

ANALYSIS, CONSERVATION AND
STRUCTURAL RESTORATION OF
ARCHITECTURAL HERITAGE (2003)

The peculiarity of heritage structures, with
their complex history, requires the
organisation of studies and proposals in
precise steps that are similar to those used in
medicine. Anamnesis, diagnosis, therapy and
controls, corresponding respectively to the
searches for significant data and information,
individuation of the causes of damage and
decay, choice of the remedial measures and
control of the efficiency of the interventions.

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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international council on monuments and sites

7

(] ]

Structural safety
(EUROCODE) Preservation of cultural property
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Urgent measures
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Urgent measures
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E P F L Urgent measures
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Urgent measures
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Urgent measures
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Urgent measures
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E P F L Urgent measures |
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Urgent measures
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1. Anamnesis (History)
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When it comes to heritage building structural interventions, a thorough

assessment is everything.

... the retrofitting measures just follow.

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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E PFL Architectural and BIM modeling
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E P F L Cracks and Damage — Graphic plan

TLOCRT NA KOTI +12,00 - PRIKAZ SVODOVA BRODA

® © @ ® ® © 0] [0}

4316 "

1240 . 1551 1151 a1y

i 41 o a0 53 1 + A — 422 ; — 250 466 ; Ly
HET TN &76 160 S4B | 94 NTATTRETYI 931 IRTTIRI

@*’J* bJ
@t "
@
1A 4
ELERS EhE
@

+§+—u§—k—mi: L

S
“;m. u9 L1
BTN 1B 49 106,

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

+



=Pr-L

Conservation and restoration research
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Construction Chronology

KRONOLOGIJA IZGRADNJE

TLOCRT NA KOTI +1,00 - POD CRKVE

PP 00 69 90
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|
1815. | | |
»  ® © ve ©

Slika 2-7 Povijesni prikaz dogradnji crkve
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Geomechanical Investigation Works
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g Temelj glavnog broda (na dijelu zvonika) na jugozapadnom proéelju.
2
@ | Temelj zvonika izveden je od kamena, bez prosirenja (3irina jednaka debljini zida), dubina
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FOTOGRAFIJA

POZICIJA

Temelj zida apside na jugoistoénom proéelju.
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Exploratory probes on the load-bearing structure
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E PFL Wall Endoscopy

LAB 8.0.0.

&, projeksiranje | nadzor

ake: EL-230720-01

[— EXAMEN LAB d.o.0.
1aisp e i na

E

| Stranica | 90d 28 Stranica | 10 od 29
2.2  Poricija 72 - istraina sondaia
S clljem utvrdivanja veza opeke, dimenzile i vrste opeke, debljine sljubnica | debline zaviine obloge, provedeno je j SuKa3 Istrazna sondaza £2 nalazi se u prizemiju stubista koji vodi do potkrovlja katedrale. Skica i rezultati ispitivanja dani su u
otvaranje konstrukeije {sondiranje) na ukupno 15 ispitnih pozicija. Rezultati p i liranja dani su u nastavk: tablici u nastavia.
- Endoskopiranjem utvrden je sastav i karakteristike stupa te je dodatno provedena Klasifikacija zida prema Borriju i sur.
2.1  Pozicija Z1 —IstraZna sondaZa g Navedena Kasifikaclja zida uzima u obzir stanje ofuvanostl elemenata zida (faktor SM), geometrijska svojstva
Ietraina sondaga 71 bz s u S stupu budeije je iz stabiSta Svetenitkog doms. g elemenata rida {faktor S0}, oblik elemenata zida (faktor S5), poprecni spoj slojeva kod viseslajnog zids (faktor WC),
Endoskopiranjem utvrden je sastav | karakteristike stupa te je dedatne provedena kasifikacija zida prema Borriju | sur, g svojstva horizantalnih (Faktor H1) i vertikalnin (faktor Vi) sliubnica zida te mehaniéka svojstva morta (faktor M),
Navedena Kasifikaclja 2ida uzima u obzir stanje ofuvanosti elemenata rida (faktor SM), geometrijska svojstva z =
elementa zida (faktor 5], oblik elemenata zida {faktor $5), popreéni spoj slojeva kod viSeslojnog zida (faktor W), £ ISPITNA SONDAZA 22 - ENDOSKOPSKO SNIMANIE VRSTE | SASTAVA ZIDA
svojstva horizontalnih [faktor HI} i vertikalnih {faktor V) sljubnica zida te mehanicka svojstva morta (faktor MM).
_ DISKONTINUITET U 20U . DISKONTIMUITET U ZIDU
/' IVEZANINABACA) DROBLENJE CIGLE NA (VEZANI NABACA] DROBLIENJE CIGLE NA
ISPITNO MJESTO 21— 'SKO WVRSTE | STUPA DUBINI CCASS CoY) o DUSINE CCASHCM,
i g
Pravilni zid od opeke 5
Zide se sastoji od opatnih elemenata Kasizne pune opeke starog formata, Uzorak spajanja, vertikalni | horizontalni, je § SLIKA 1
pravilan
3
: 8|2
§ Opaka - komadi pune opeke g i § S
=
& Most — uzpren mort H 1]
H ® E
-4
" : :
Dimenzije elemenata: ) ]
s=1dcm (£0,5cm) -] \ \
65 z .
|=29¢m |£1cm) 5 '_ PRETHODND EEUSENA RUPA
h=85em [£0,5¢em) En g Z PROVLASENJE ENDOSKOPA
we | MM ss | w | sM | W | s = Vertikalng U raunini
AR CF e R F e[ F R Katewoln
i / MEOETAR WRT DT CEN (PEKN) M, 2 £ E
i 560 595 630 §
i [MP; il
i (MPa] | E (MPa} o {MPa) 5
Karakteristike 154218~ g
2 |min-max) 3,27-514 217112 0,074 ~0,106
g
= -1
o
\ E
"\ PRETHEDNG 23UHEN B SLKA1
"y
huka: 4,0cm

Pravilni zid od opeke

S140

Zide se sastaji od opainih elemenata Klasizne pune opeke starog formata. Uzorak spajanja, vertikalai | horizontaln, e
pravilan,
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E P F L Wall Classification
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izrmedhy vedih slemenata. VerSain weoesk 3paangs jo reprindlen, dok i usdens prviieoit hosizomtain sjubnics || o el ek, LN S0 TR | MODONLEN b RO, omadls vatih semanna. Usorak moajargs, vertloind | Rorizorssing  nepraviln,
Karmen — prirodn kamen nepravinih cbilka | maidth v | kameno iomjencg cbilka pravilnih dimnsia £ e — [riecn KaTE IR Gk | T g Earva = prirgni iaemen reperied obiics | i vesting
P Mlort — wagriasd et ﬁ Ao = WD T | | Mo - vapneni mom
] | 1]
L] 1]
5 § 5
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A A
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Double ‘Flat-jack’

2 orster e sst s nkeing
A s o oot 40
0 3 A ] g
Lol L st -oiriaous - e s
Aorass ik, 1 o 812021

TEST REPORT N. R2022/0172

Registry nr.- 101/2022 Pag. 1/4
Jobnr.: 221019_ARH
Customer: Studio Arhing 4.0.0.
Personin charge:  Dipl. Ing, Grad. Juraj Pajatina Rale: commissioned structural engineer
Site: Crkva Uznesen]a Blatene Djevice Marje
Address: Pokupsko 28, 10414, Pokupsko - Croatia
ASTM C1197-148
DFLOL [Test date: 29/11/2022 _[Time: 14,05
CONO09-010  [Flat jack dim. asoxzs0mm Jk,0e | 0887 fkte [ 1
IS Construction date": NN Koo’= | 0838 Jeute | 1
Maximum applled stress [N/mm’]: 0.70 Load step cycle [Nfmm’]: 0.30
Use of shims= Mo |Ambient conditions": 2'C/70%  |uinear response timit’ -
as
0
E
E
B
g 03
oo
E 0 10000 000 30000
Strain [microstrain]
Sensors' layout measured at the different sensars
“Tangent elasticity moduli ...
03 - . o [Nfm’) Birpsss [Nfmam')
- — 000031
197 0.31 - 0.61
06 42 061-076
=
E
£
Z03
k]
4
oa
o 2000 4000 6000 8000 10000 12000 14000 16000
Strain [microstraim]
Stress-strain curves, average of all vertica sensars, envelope of the tangent slasticity
adulus

Padeva, ltaly, 01/12/2022

Test execution

The laboratory director

. PR —
expin 4 by sttt
STRICTURAL () e e o o
- e i
TEST REPORT N, R2022/0172
Pag. 4/8
DOUBLE FLAT JACK TEST
ASTM C1197-148
in €
14 E [N/mm] 8 [Nfmm?]
Fuverage strain
12 | e MotUlus i the unioading branches 338 002 -0.31
518 0.03 062
1o 559 0,02 -090
—os 605 003 -1.20
£ 655 006 126
Sos -
foa
oz
0o -l 5 E H .
0 1000 2000 3000 400D 5000 E00D 000 XD 0000
Strain [micrastrain]
Stress-strain curves, cveroge of aif vertical sensors, visualizalion of the Voung's
modulus £ in the unloading branches

The Annex "Test Localization” indicates the points of execution of the tests, ond is on integrol part of this certificote

Motes': Test performed with three vertical sensars

Obsarvations™'t ND

Cut executed by using a gasoline powered ring saw [EXPOA0)

Employed instrumentation: EXPDL0, EXPO33<EXPO37

Key:

1) type of flat jack used: [C] semicircutar: [R] rectangular

2] flat jack dimensions: [LxP] Width by Depth in mm

3] conversion factor relating internal fluid pressure 1o applied siress

4] ratio of measured area of the flatjack 1o the average measured arez of the slot

5] masonry type (see italian standard NTC2018 for reference, TAB CB.5.1): [PD] iregular stone rubble masonry, (CB] roughly shaped
two-layered stone masanry; [PS] coursed stone masanry with proper arrangement; [TI] irregular soft stone masonry; [TR] regular soft
stone masonry; [LS] Ashlar fine masonry; [MP] sclid brickwork masonry; [MS] hollow brickwork masanry; [MIS] mixed
stone/brickwork masanry; [8S] regular concrete blocks masonry

5) period of construction of the buildingfinfrastructure or [NN] unknown

7} use of shims between flat jack and masenry: [Yes/No]

8] ambient conditions (T/RH} at the time of testing

9] "elastic” response limit stress level {stress value sbove which the stress-strain relationship manifests 2 visible and properly
iddentifiable stiffness decrease) in Njmm” or [NN] non detectsble
10] description of any deviations from the standard method, oF all variations, sa81tions of Excllsians to the test speaficaton and any

anomalies found or [ND] nothing to declare
T1) information provided by the apphicant ar detected by the laboratory concerning documentation and any other form of
jentification and qualification of the material or [ND] nothing to declare

Padova, Italy, 01/12/2022

Lotovutary for tests

Filippe Casarin, MSe, PHD

b

methoas ffor

e Casarin, MSe, PhD

e-bis) art, 59, por. 2, 0.P.A, n. 380/2001 erd cveutir or, 633/5TC - 0/1/2019 - Sextirs A €

Test execution
Filippo Casarin, MSc, PhD

L

The labaratory director
Filippo Casarin, Msc, PhD

Laborotory for fe-bishart. 5, por. 2, BLPR n. 38072001 and circulor nr. E33/STE . B3/12/2018 ~ Sectors 4, €
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E P F L Ultrasonic Wall Testing

50.02
Test date: 29/11/2022 surface preparation”; N
Time: 10:20 Transmission method®: [1]
Element type': M Grid = points mesh® [cm]: 13 BONGD

The Annex "Test Locolization” indicotes the paints of execution af the tests, and is an integral port of this certificate

Notes™: NO

Observations *: ND
i EXP164, EXPIES

50.01

Test date: 29/11/2022 Surface preparation®: N
Time: 8:20 Transmission method*: 2]
Element typel: M Grid - points mesh? [em]: axd 30x30
The Annex "Test Localization" indicotes the points of execution of the tests, and is an integral part of this certificote
Notes®: ND
Observations & ND
Empioyed instrumentation: EXP164, EXP165

P . e 12 L . i s " 1%

® -

&
o

L] 20 30 40 50 &0 m B0 a0
50.01, mapping of sonic velacities (data in m/s, frant view of the wall, transmission side)
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1400 . Average velocity 1292 m/s
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1000 -

Sonic velocities [m/s)

11 12 13 14 21 22 23 24 31 32 33 34 41 a2
Transmission point

Histogram of average sonic velocities, sonic test $0.01 (data in m/s) 0
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50.02, mapping of sonic velocities (data in m/s, front view of the wall, transmission side)

1600

1400

1200

1000 +

Average velocity 770 m/s
BOO

600

Sonic velogities (m/'s)

400

200

0 L L L L L L L
011 013 02 11 13 22 31 33 42 51 53 35 57 59 511 513 62 64 66

Transmission point

68 610 612

Histogram of average sonic velocities, sonic test 50.02 i (data in m/s) "
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GR.01 vault, first floor

Date and time: 29/11/2022 14.00
Note': ND

LEGEND

Georadar: EXPI31-EXP232

Purposa of the investigation & — Tie rod detected with georadar
Loscate the rods inside the vault
B Carnensry o meersaons as Dwad @ O e aber and aoeer DT

Tive A n Tt Lvriartion” imaboates the pwnta of evecutn of ihe deat anehis e e part of tha cerefmne

1] Goacription of amy deveatiens imem the starded methed, of 3l varabors, adabnrs o eacludons tn i 1es
spacticaiion 3nd any ngemal et fourd or (V0] rothing T dectane,

Ground-penetrating radar (GPR)

SURVEY SCHEME
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E PFL Termography

16.12.2022. 10:26:00
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1718

PRESJEK 1-1
Z(+)

— X ()

A -
{! |'_.Ih \

S o
o @ 1 u S —

2

Dinamic ambient vibration testing

- e

Slika 4-42 Shema mjernih mjesta za mjerenje dinamickih parametara zvonika — PRESJEK 1-1
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POGLED

DR - Frequency Domain Decory

Z(+)

T Y (+)
>

POGLED

FDD - Frequency Domaim Recomposition

|
!
|

T 710

Z(+) I\I Vo

T Yl |
L |

TLOCRT

position

[Ton 1=1,781 Hz]
TLOCRT

FDD - Frequency Dormain Decomposition

X (+)

T Y (+)
 ——

FDD - Frequency Dimsain Decomposition

3D PRIKAZ

DD - Frequency Domain Decomposiion

| 1
|
i
!
|
| |
T
I\‘\ .,;I
\ .
|
{ 1

-y

Slika 4-45 Eksperimentalno odredeni oblik titranja s pripadajucom viastitom frekvencijom

3D PRIKAZ

FOD - Frequency Domain Decomposition

I
= f
e
Feens
[
!

,‘

Slika 4-46 Eksperimentalno odredeni oblik titranja s pripadajuc¢om viastitom frekvencijom

[Ton 2 = 4,094 Hz]
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Dr. Davide Melica
Diagnostica per il Restauro
e la Conservazione

Sample type
Sampling zone
Aim of the analysis

Performed analysis

SAMPLE MA.01 SHEET

fragment of brown bedding mortar

definition  of compositional, textural and  microstiuctural
properties
optical microscopy with polarized transmimed fight

MACROSCOPIC FEATURES OF THE SAMPLE

1 IT\pohay martar
2 .Dimensiunal coarse sand
| appearance
3 | stucturel eppearance | homogeneous
4| Coor
41 |o wholecoor brown
42 o grains dark gray

5 Cosslon (empirc
evaluation)

medium (sample breaks without disgregating)

L] Decay products

not recognizable

Optical microscopy en thin section (petrographic examination)

MICROSCOPIC FEATURES OF THE BINDER

9 Mineralogical

Thi binding matrix shows a high-crdaer interference colour (hazel-brown)

2 | Structure

3 | Textura

4 ‘Inle{acrjans with the
agaregale

5 [ Porosity

51, | o tipclogy

of cakium (] {CaC0O3) in the form of calcite; it is
therefore attributed 1o the carbanalion process of an aeral lime.

wesakly lumpy
micrific {{crystal size <4 pm)
absent

pores and faw microcracks

52 ubicaton

Ir {inside the

or al the adga of tha hgrains))

53 | o % (byvolume)

54 | o orgin

Dr. Davide Melica - C

low (=15%)

primary {mainly farmed during the shrinkage and hardening phases) and
sacondary [due to degradation processes)

| eD

gnostica per il R @ la Conservazione

ITALY - via Carlo d'Angid, 31 73043 Coperlino (Lecce) +30 347 1570 182
SPAIN - Av.da Mlcalde Gisbert Rico, 8,5 48013 Valencla +34 651 580 622

AW,

estauroit icarestauro.it
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Chemical Analysis Of Mortar

Dr. Davide Melica
Diagnostica per il Restauro
e la Conservazione

Dr. Davide Melica
Diagnostica per il Restauro
e la Conservazione

MICROSCOFIC FEATURES OF THE AGGREGATE

1

Size

11

o dimensional range
(estimated values)

Grain slze varles from coarse silt to fine gravel (0.03-3.6 mm) but it
mainily falls in the ine sand (0.15-0.25 mm) and n the coarse sand (0.6
0,85 mm) classes - bimodal distribution; it spreads in the different
fractions as listed balow:

size classes %
fine gravel (2-4 mmj | 5
wery coarse sand (1-2 mm) | 10
coarsa sand (0.5-1 mmj) 25
medium sand (0,.25-0.5 mm) | 15
fine sand (0.125-0.25 mm) |25
very fine sand (0,062-0,125 mm) 10
coarse silt (0,031-0,062 mm) |10

For the recorstruction of the mortar, a seved aggregate with a
compaosition similar to that described below (point @) shall be used
consisting of:

&  Compasition (% by
voluma)

iestimated values)

has a silcatic ition: in order of
i spreads as listed below:
rocks or minersl types %
» fragments of e mecks , )| 50
consisting of quartz associsted with feldspars andior
micas; each mineralogical component also appears in
isolaled single crystals in the binding malrix
= flint and fiinty marls 45
»  parlicles of clay and ifon hydroxides 5

« fragments of sedimentary rocks ( spariiic limesione | tracce
with microlossis)

7 Admixtures absent

B BinderiAggregate Ratio |= 1:25
(by valume)

CONCLUSIONS

1 Mixture characlerzation

It is @ mortar consisting of carbonated aerial lime and sdicatic river sand,
The binding matrix has a waakly lumpy siructure. The sandy aggrepale is
composed of metamorphic lithotypes (quartzites, gneisses) and flint; it
also contains a falr amount of clay and iron hydroxides indicative of poor
washing. The size of the clasls has a bimodal distribution; they fall
predomirantly in the fine sand class (0.15-0.256 mm) and in the coarse
sand class (0.6-085 mm). some of them exceed 3.5 mm. The
binder/aggregate rafia is 1:2.5 by volume. i

2 Sacondary processes
and decay products

No evidence of degradation at the expense of the binder maltrix or
aggregate is observad.

size classes

residue on the sieve 2 mm mesh 5
residue on the sieve 1 mm mesh | 10
reskdue on the sleve 0.5 mm mesh | 25
residus on the sisve 0.25mm mesh |15
residua on the sieve 0.125 mm mesh 25
1esHduo on the sieve D.062 mm mesh |10
residua on the sleve 0.031 mm mesh | 10

1.2 | o sorting high

2 | shape (rounding and | rounding: sub-rounced or rounded; sphericity: from medium or low

| sphericity)

2 Surface morphology smooth or slowly Taceted

4 Orlentation absant

5 |Distrbution homogeneous

Dr. Davide Melica - Consulenza e Diagnostica per il Restauro e la Conservazione

ITALY - via Carlo d'Angid, 31 73043 Coperfino (Lecce) +30 347 1570 182
SPAIN - Av.da Alcelde Gisbert Rico, 8, 5 48013 Valencla +34 851 500 622

.

wstauro it wataure.it
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[ tavomi etement
Umetak - sanaciia

[BST%] 71d - opeka, kamen, beton
25 4

~ Metalni dijelovi
* e——— skoba
& ¢ — vijak
YA awo
0 /11 stremen - obujmica

] [’7//_" paputa

Timber Assessment

MM12

\ DUBRANEC MM 1

T I O O O O ---=
.

-’
i .

Amplitude [%]
100

N caw v v 3

Mjerno mjesto

Sadriaj vode el.otporno
Pressler izvrtak 12,5 mm
Pressler izvrtak 5,2 - 6,5 mm
tzrezak

Rezistografski ubod

Sirenje rvuénih valova

lzviagenje vijaka

|
hl = Em
ijim L [z
e AN
\ = !
sam-=z
Fl 2 = 7
b =
wi 7 T
¥ ¥ '
-4 ~ -
= |
; L} i n 1@ 16 " 12 10 ] 6 4 H 0
¥ ‘
~ = 4] Slika 12 @) i b). Mjerno mjesto MM 1, vezna greda do tornja, izvrtak 12,5 mm. Potpuno zdrav i kompakton presjek pokazuje
§ & 7 ravnomjeran rospored i gustocu godova (gore, slika a) i primjeren otpor prodironju rezistografske igle (dijagram).
-~ m— /
L . -
g 1
—_——t = :
L \ 2]
i 1 =
o . =
k H J
Y F - o
F L =
tl PR 151 -t =
-

= Povrsinska razgradnja

R, =
—=

|

» o insekti = STF Otvoreni spoj
SEEHE  Gljive truletnice P
SN Plijesan e Pukotine Slika 13 a) | b). Mikrografife pokazuju ravnomjeran, viferedan raspored pora u ranom drvu i vrlo gusto kasno drve
Stetau tragovima (< 10 % presjeka) AAF 5 radijalnim nizovima uskih pora (10x, lijevo), te velike pore ranog drva zapunjene tilama, kao i zdrav
BRI 20s%eios Bete (kurathma zaltte) ik paratraheaini parenhim kako u ranom, tako i kasnom drvu (desno, 50x)

@ Totaina iteta (neophodna zamjena) O Nefunkconalni spoj
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a)

Slika 4-40 (a) Mjerenje viastite frekvencije zatega u ravnini 2 s oznaéenim akcelerometrom i (b) Smjer
mjerenja viastite frekvencije zatege

3, Deformad Shape (MODAL) - Mode 1;T= 08342 1= 1472085 = % | [ Asial Ferce Diagram (opt) -

B_lI_1, f=18,72 Hz — F=64 kN — k=4,0

64,09
64,09 |
64,00
64,00
64,00 |
64,00 |
64,09
64,09
64,00
64,09
64,09 |

| 84,00 |
64,09
64,09
64,09
64,09 |
64,09
64,00 |
64,00

64,09

\/’/

Force Measurement In Steel Ties

Tablica 4-5 Usvajene vrijednosti koeficijenta k

Srednja vrijednost
A I II I (i)
1 50,1 55,4 44,7 50, 1
2 58,5 - 58,5 58,5
3 - 41,0 41,0
Srednja vrijednost (kM) 49,8
Srednja vrijednost
B I I I (kN)
1 60.7 65.6 61.3 62.5
2 34.2 52.3 37.0 41.2
3 - - 51.6 51.6
4 441 - 44,1
Srednja vrijednost (kM) 49,9
PRESJEK U OSI A
Al Al Srednja
. SARN 447N 1 V;':]T"mm
Fuk=148,5KN _ 4 583N 2 sgskN  Fuk=143.5KN
2. <] 8.3 .
i Spaamany o Toam, T
] |
" AB luk Betonski AB luk
zid
| 28531Tm | 3.55357Tm | 286-321m |
i b T gl
PRESJEK U OSIB
Bl B Il B Il
P 60,7 kN _ 63,6 kN 61,3 kN 1
Fuk=199.4KN2““" 1gkN ;zm 3T0kN 2 Fuk=139.4 KN
3 K - b 7 S1EKN 3
4 AA1kN P = Bl 4
AB luk Betons:kil B ;39‘1:OHSK\ AB luk
zid zid
L 285-317Tm P 3,55357Tm | 286-321m |
[ | | |
TLOCRT I I I
) _— 13 i 13
Fuk=MBI KN ... T A Fuk=3B3KN
<
B ~B
sle’s! T
: } il
AB luk 1.4 Betonski i} Betonski 13 AB luk
zid 1- zid
285317 m 3,55-35Tm 286-321m
- + 4 !

. . o . o Slika 4-42 Izra¢unate vrijednosti sila u zategama
EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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Archeology

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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2. Diagnosis

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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—

Seismic Analysis

B [

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

DAMAGET
(Avg: 75%)

+6.000e-01
+5.500e-01
+5.000e-01
+4.500e-01
+4.000e-01
+3.500e-01
+3.000e-01
+2.500e-01
+2.000e-01
+1.500e-01
+1.000e-01
+5.000e-02
+0.000e+00

PEEQ

(Avg: 75%)
+4.928e-02
+1.000e-03
+9.167e-04
+8.333e-04
+7.500e-04
+6.667e-04
+5.833e-04
+5.000e-04
+4.167e-04
+3.333e-04
+2.500e-04
+1.667e-04
+8.333e-05
+0.000e+00
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Seismic Analysis

Slika 5-4 Prikaz prvog moda titranja T=0,47 s

Slika 5-2 3D prikaz materijala

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

Slika 5-5 Prikaz drugog moda fitranja T=0,39 s

Slika 5-6 Prikaz tredeg moda fitranja, T=0,34 s

46



E P F L Seismic Analysis

Tip ostecenja

Razina ostecenja
Niska Visoka

Dijagonalno otkazivanje ’.l{

Klizanje ploha

Slika 5-27 Prikaz o$tecenja - Push-over u smjeru -x Slika 5-26 Prikaz ostecenja - Push-over u smjeru +x

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024



E P F L Seismic Analysis

> 364,720900 KN/m*

303934100 EN/m?*

243 147300 EN/m?

182 360400 EN/m*

smjer potresa

B

Slika 5-33 Vlaéna zona zida uslijed djelovanja potresa na toranj

Pri djelovanju potresa u popreénom smijeru (y-smjer) uzduZni zidovi crkve savijaju se van svoje ravnine
uzrokujuci deformaciju svodova uslijed koje se javljaju vlat na naprezanja.

uzduzni zid uzduZni zid

Slika 5-35 Prikaz viaénih naprezanja - Push-over u smjeru +xi—x

Slika 5-34 Vlaéna zona svoda uslijed potresa

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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Seismic Analysis

B :143.043500 kN

131,123200 kN

119,202900 kN

107,282600 kN

95,362280 kN

83,441980 kKN

71,521690 kKN

59,601390 kN

47,681100 kN

35,760810 kKN

23,840520 KN
11,920220 kN

Slika 5-68 UzduZna sila u zategama — potresno opterecenje

Pushover -X

25 3 15 4 45
d [em]
—— Bilineami (F*,d*) ——I[F.d] wffesfapadtet e Zahtiey

Slika 5-60 Push-over -X. procjena seizmicke ranjivosti

Pushover &Y
025
a2 /‘/_/—’\-"\q,vf"\’_‘fww_w
L
0,15
2
I —— — -
005 |
[
4] 1 2 3 4 5
d em)
Bilineami (F*, d®] [Fdl ssfesiapacte: e ahtjey

Slika 5-61 Push-over +Y prociena seizmidke ranjivosti

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024
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E P F L Seismic Analysis I

PRIKAZ KRITICNIH ZONA

Toranj

Toranj je iocrinih dimenzija 5x5 m, a visine oko 18 m iznad
kote vijenca. &ime je njegova vitkost- HB = 1805 = 4. U
gomjoj polovici zidova tomja nalaze se otvori visoki 3.5 m
&ija je Sirina jednaka tradini dufjine zida. Uz to, u podrudju
otvora se debljina zidova tornja smanjuje na 60 cm u odnosu
na 80 em u podrudjima oko otvora. Posljedica vitkost tomja
su velike deformacije. odnasno pomadi, prilikom
horizontainin djelavanja (vjetra i patresa) uslijed fega se-
javijaju viadna naprezanja u zidovima. Spoi i
cabljine zidova u podrudju atvora te veliéina otvara uu]emuju
znaéajne smanjenje posmiéne ctpomosti.

Uz sve navedenc, baza tormja je nepoveljno izvedena bududi
da se toranj na svojoj prednjoj strani oslanja na puni nosivi
zid, dok se na preostalim stranama oslanja na lukove Sime je
naruden kontinuitet prijenosa horizontalnih sila do temeljne
konstrukcije.

Procjenom seizmicke ranjivosti katedrale, odredene su otpornosti tornja i svodova na potrese povratnih
perioda 225 godina, 475 godina i 2475 godina. U tablici ispod prikazane su pojedine otpornosti izrazene
u postocima koji su dobiveni usporedbom kapaciteta i zahtjeva konstrukcije.

Tablica 5-10 Rekapitulacija pushover analize za sva graniéna stanja

# _~— Zona nazidnica

Mjerodavna
analiza

Graniéno stanje
ograni¢enog
osteéenja - PP
225 godina

Graniéno stanje
znacajnog
ostec¢enja - PP
475 godina

Grani¢no stanje
blizu rusenja - PP
2475 godina

Toranj Push-over +x

64,93%

62,76%

60,90%

Svodovi Push-over -y

40,04%

92,31%

95,65%

Katedrala Push-over +x

40,04%

62,76%

60,90%

Potresna otpornost katedrale iznosi 40,04% zahtijevane otpornosti prema aktualnim normama. Kriti€ni
dijelovi katedrale su toranj za smjer od zapada prema istoku te svodovi za smjer sjever-jug.

/

////g#%////////// s

2
N
Ve,
F RN
i H

B,

I
|
iz

Fhog lode izvedenag
detalja oslanjanja glavnin
elemenata krovista
(nazidnica. kusaca.
mijena i rogova) dedlo je
do znadajnog truljenja tin
elemenata, a na
pojedinim dijelovima do
gotovo potpune
degradacije popreénih
presjeka. Spomenuti
elemendi uzidani suu
opeéni vijenac zidova
katedrale dime je
onemoguéeno njihove
isuSivanje, Sto pogoduje
napredovanju bioloskog
oltedenja i truljenja.
Moguée je naruSavanje
stabilnosti cijelog kroviita
ukoliko dode do
otkazivanja elemenata na
osloncima, ednesno
spojeva elemenata.

Sredisnji luk ——

Prilikam uredenja i profirivanja kripte, koja s= nalazi ispod svetifta i srediZnjeg dijela erkve,
vjerojatne se ufesalo na temelje luka koj se nalazi na prielazu sredidnjeg diela crkve u svetite.
Pretpostaviia s= da su provedeni radovi tijekom vremena pr i i
luka, Posljediéng su 52 na zidovima sveista, u nadvojima i parapetima t2 na svodovima pojavile
puketine uslijed prekoradenja viatnih naprezanja.
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3. Therapy
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Concept
First!

(... modeling later)

_— 3

T, e O
Mowaeah, T
Y
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Barrel vaults
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Barrel vaults
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e 161 +385 1 377 TME « fax: +385 1377 0869
amail: studio-arhing @zg t-com
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Cross vaults

DAMAGET

(Avg: 75%)
+1.156e+00
+7.000e-01
+6.417e-01
+5.833e-01
+5.250e-01
+4.667e-01
+4.083e-01
+3.500e-01
+2.917e-01
+2.333e-01
+1.750e-01
+1.167e-01
+5.833e-02
+0.000e+00
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E PFL Arches
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Pushover analiza:

Walls

Tip ostecenja

Razina ostecenja

Niska

Visoka

Dijagonalno otkazivanje

Slika 5-25 Prikaz oStecenja- Push-over u smjeru +y i—y

Modalna analiza:

Stk 5-210 Prikiar privog mods il T=0 19 5 Slikir 5-27 Priwas chugog mods litrargs T=015 5

Sitka 5-22 Prikar breceg moda dvafa T=0 145 Sika 5-22 Pricar ceferog mods fivang T=0,13 =
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postojeti opadni vijenac

Boéni pogled na kontraforu
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Slika 5-27 Detalj pojacanja kontrafora
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Roofs

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

Slika 5-8 Presjek kroz glavni brod

89



=Pr-L

Roofs

i

ARHING

ottt - S move S |

TNV RO | Krou e W Foys

Ckomﬂc;w

Pleutepnb. SUeMA
Gxnnte LeTeQe iy
PoE. KRonTT

e
AN
&4,
i,
= LA W)
(SRRSO LY
Tewn TR A

:L — RoRaN b:o u‘;m> BB DS Ua0)
OF ATV U mRUIBVY

:] — Donbe BASW B Vi PA ?osw‘reo‘ew

Jouwkavt- | e oWy TRICT
LeTo=va

lM\IJ’En)&—N\ My Derenc
WADHE

PARonewn 1 Baoms SEEL Gx Posmaugyq Re
= e c\lslor 03Py (AD=vNE

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

90



E P F L Roofs

A

sTuDIO

ARHING
L — o by (‘5> CRwnt, = Boowl TRamMeT Rodavkve ReseTy. AoVl (7““"3443& SMEHE VALY ke AT Anlang (Lp ?
LN . R el s s B ‘

S

®eq BEB Trerod ) A

A/ NN | NSNS
A % Ly, ‘eaqzx R;; -*;M)\ My
)Ewm) (W

v
T»rr)A—oLkv?e PRCLE ALY
TeyetASTE

Lo b s TnmLE

N; Voriuce o tﬁwp
24 ()

Wiey 3 Diwe
Wo Ny

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024



Roofs

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

92



=Pr-L

Roofs

EPFL Lausanne / - Structural assessment and seismic retrofitting of sacral and heritage buildings / 02.02.2024

93



=Pr-L

Roofs

GSU 2 (1,0 - stalno + 1,0 - vjetar pritisak Y)

43.9
39.0
36.0
33.0
30.0
27.0
24.0
21.0
18.0
15.0
12.0

9.0

6.0

0.0

ol Rty

AT

-U'I:otal [mm]

U nastavku dan tabliéni i graficki prikaz ovisnosti faktora izloZenosti o visini konstrukcije.

cdz)
0,259
0,409
0,496
0,558
0,606
0,645
0,678
0,707
0,733
0,755
0,776
0,795
0,812
0,828
0,843
0,857
0,670
0,882
0,894
0,905
0915
0,925
0,935
0,944
0,953
0,961
0,969
0,977
0,985
0,992
0,999
1,006
1,012
1.019
1,025
1,031
1,037
1,043
1,048
1,064
1,069
1,064
1,069

L
0,000
0,000
0,000
0,000
0,355
0,334
0,317
0,305
0,294
0,285
0,278
0,271
0,265
0,260
0,256
0,251
0,248
0,244
0,241
0,238
0,235
0,233
0,230
0,228
0,226
0,224
0,222
0,220
0,219
0,217
0,216
0,214
0,213
0,211
0,210
0,209
0,208
0,207
0,205
0,204
0,203
0,202
0,201
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ce(z)
0,07
0,17
0,25
0,31
1.28
1,39
1.48
1,57
1,64
1,71
1.77
1,83
1.88
1,93
1,98
2,02
2,07
2,1
2,15
2,18
2,22
2,25
2,28
2,31
2,34
2,37
2,40
2,43
245
2,48
2,50
2,53
2,55
2,57
2,60
2,62
2,64
2,66
2,68
2,70
272
2,74
2,76
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Another structural CSI case in heritage stone masonry!

Earthquake damaged church annex - Sisak diocese, Croatia
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