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Figure: Savsko neighborhood, Ljubljana, Slovenija.

(Reference: The Museum of Contemporary History of Slovenia)
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Due to post-WWII immigration to larger cities and
immigration from former Yugoslavia, massive
construction of multi-unit residential buildings
began in Slovenia (Petelin, 2017).

22.6% of total area of multi-story buildings in
Slovenia were constructed between 1945-1963
(Kilar & Kusar, 2009).

Focus on buildings predating earthquake safety
regulations introduced after 1964 Skopje

earthquake.

Reference: Studio Kristof architects




* \Vertical load-bearing walls: various mortar types,

Figure: Building of multi-residential buildings in Ljubljana (Litostroj |aCk Of WOOden or iron tieS.
neighborhood) (Reference: Stajer, 1947)

* Ceiling structures: reinforced concrete joists,

hollow clay brick, limited connection to walls.

e Such buildings are often situated in high-intensity

seismic areas.

Figure: Ceiling structures made of reinforced concrete joists with hollow

clay brick. (Reference: Historical archive of Ljubljana)



Figure: Full bricks used for construction..

(Reference: The Museum of Contemporary History of Slovenia).

Figure: Hollow brick used in that period of time

(Reference: Gradbeni vestnik no. 11, 1963).
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Name of Floor
typology plan

Identification criteria:
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The X represents the shape of the building, which is divided in to
three separate groups:
** S - buildings with floor plans approximately square in shape,
with a width-to-length ratio between 1.0 and 1.2
** R - buildings with floor plans that are rectangular, having a
width-to-length ratio greater than 1.2
* T - buildings shaped like towers, with a floor plan aspect ratio

less than 2.0 and a height-to-width ratio greater than 2.0.

Arabic number in the
proposed name represents

the total number of floors

above ground.

Roman numeral indicates the
number of building cores present

in the building.
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Proportion Proportion MATERIAL OF VERTICAL CONSTRUCTION: INTER-FLOOR SLAB COMPOSITION:

Specific Ratio Ratio ofwallsin ofwallsin Material OPE - unreinforced brick masonry MSS - prefabricated floor system (e.g.,
No.of  data xvsy heightvsy xdirection ydirection of vertical  Floor BET - unreinforced concrete block masonry Rapid type)
Name of typology  Floor plan bulidings aquired direction direction (%] (%] structure  material AB - reinforced concrete AB - reinforced concrete slab

S5 70 14 1.00-1.20 0.90-1.55 544-640 245-800 OPE BET MSS

S-6-1 . 9 1 099120 113162 194 7.03 OPE MSS

S7- - 1 0 1.08 115 / / / /

R-4-1 10 0 1.33-3.49 0.87-1.58 / / / /

R4l 19 3 24435 092192 630 5.50 OPE  MSS,AB

R-4-1ll 27 6 291627 097191 306 6.57 OPE MSS

R4V 2 393775 1.10-1.61  6.80 6.00 OPE AB

i -
R4V _ 6 0 706778 1.16-1.32 / / / /

R-5-1

RSl _ 46 7 184471 093182 600 370  OPEBET  MSS

66 9 1.21-3.27 0.79-1.82 5.57-6.00 3.44 OPE MSS

R-5-II 18 8 3.447.45 120190 268560 354475 OPEBET  MSS

RV _ 6 3 43575 085161 312 6.70 OPE MSS

R-6-1 - 26 2 125221 118195 555 3.28 OPE MSS
R-6-11 6 1 1.73348 093163 520 2.84 OPE AB
R-6-1ll 22 4 3.356.16 1.13475 680 6.00 OPE MSS
R-6-IV ] 1 591 1.96 6.80 6.00 OPE AB

R-6-V 3 0 3.73-590 1.1/-1.60 / / / /




Design criteria and/or construction rule Compliance
Masonry buildings shall be composed of floors and walls, which are connected in two orthogonal No
horizontal directions.

The connection between ceilings and walls must be ensured by steel or reinforced concrete ties. No

If it provides general requirements for continuity and effective functioning as a diaphragm, any type Partial
of ceiling may be used.

Shear walls must be provided in at least two orthogonal directions. Yes
The effective thickness of URM shear walls may not be less than 240 mm. Yes
The ratio of the effective height of the shear wall (based on EN 1996-1-1) to its effective thickness Partial
may not exceed a maximum value of 12 for URM.

The ratio of the length of the shear wall to the greater clear height of the opening adjacent to the wall  Partial

may not be less than 0.35 for URM.

Table: Design criteria and construction rules for the seismic design of masonry structures in accordance with Eurocode 8 and the compliance of examined

building typologies (Reference: Petrovcic et al., 2023).
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Figure: BIM model of a case study building, type R-6-1ll (Reference: Student project ARRS, University of

Ljubljana, Faculty of Architecture)

Figure: Case study building floor plan (original plan)
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* Bigger openings in the longitudinal wall

* The staircases are in the front longitudinal facade

and contibute to irregular wall openings

Percentage of walls:

In longitudinal direction:

In transversal direction:

2,52 %
7,10 %
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Used for strengthening URM walls.

It is a composite material with fibers
embedded in a cementitious matrix.

Easy installation, thinner layers, and minimal
mass increase.

Suitable for inhabited buildings with mixed
ownership, practical application, and avoiding

major downtimes.

Figure: FRCM application to masonry wall
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Four different retrofitting cases:

Building core (BC)
Building core, outer piers and outer walls (BC—OP—OW)
Building core, inner piers and outer walls (BC—IP—OW)

All positions (BC—OP—IP—OW—IW)
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Jp— g
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FRCM application:

Figure: Retrofit positions (Reference: Petrovcic et al., 2023).

B Building core (BC) E Outer piers (OP) B Outer walls (OW)

B Inner piers (IP) O Inner walls (IW)




7000 A
—URM 7000 +
I e Y Y R FRCM (BC) i ;.—:1-2%%4_ . i ™
6000 A == =-FRCM (BC—OP—OW) 6000 - 4_‘{:;_;,;;2""' ERSe T \'\-‘::f(‘)"fl"‘?@,« . .
| FRCM (BC—OP—OW) without Spandrels 4_{;',;; o~ N h":{@'\";\: el Y
== FRCM (BC—IP—OW) A ﬁ; .;»” Q \.\ N .\\ " ‘..
5000 - == FRCM (BC—IP—OW) without Spandrels 5000 - 47 i RV N et T
| — —FRCM (BC—OP—IP—OW—IW) ﬁ' \\ TN N o
— — 7 o
4000 | £ 4000 - //
5 . 5 / —URM
< ~. = /4 2 P FRCM (BC)
g 3000 1 e s 3000 - /,4' - - -FRCM (BC—OP—OW)
£ 1 ™ E‘E / - - -FRCM (BC—OP—OW) without Spandrels
2000 - 2000 4 --= FRCM (BC—IP—OW)
== FRCM (BC—IP—OW) without Spandrels
1 — —FRCM (BC—OP—IP—OW—IW)
1000 - DL Capacity DL Demand SD Capacity SD Demand NC Capacity 1000 - DL Capacity DL Demand SD Capacity SD Demand NC Capacity
© X O ) @ ] o X @] X @
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1 0 T T T T J T T T T T T T T T T T T T T T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Roof displacement [cm] Roof displacement [cm] N

Graph: Capacity curves of the retrofitted variants in X and Y direction (Reference:

Petrovcic et al., 2023).



URM building from studied period showed inadequate
seismic resistance in both directions.

Seismic retrofitting measures are necessary.

Sole use of FRCM is insufficient for prescribed seismic
resistance.

Retrofitting plan should consider additional actions, e.g.,
external RC walls or reinforced plasters.

A possibility: alternative construction, built to modern
standards.

We need future studies to be based on stochastic data,

larger typological sample and systematization.

Figure: A tipical multi-residental building in Ljubljana.

(Reference: Historical archive of Ljubljanagodovinski arhiv

Ljubljana)
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Figure: Multi-residental buildings in Litostroj neighburhood, Ljubljana

(Reference: The Museum of Contemporary History of Slovenia).
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Table 2. Considered mechanical parameters of masonry.

Parameter Value Parameter Value
Masonry density (7) 1600 kg/m? Young's modulus (F) 1800 MPa
Compressive strength (fc)  4.00 MPa Shear modulus (G) 360 MPa
Tensile strength (fr) 0.14 MPa Confidence factor (CF) 1.20

Table 3. Performance requirements based on EC8-3, indicating the corresponding return periods and peak ground accelerations of the

examined building.

EC8-3 Limit state Return period PGA (subsoil class C)
Damage limitation (DL) 95 years 0.190¢g
Significant damage (SD) 475 years 0.316¢g

Near collapse (NC) 2475 years 0.538¢




Table 4. Considered mechanical parameters of FRCM.

Parameter Value Parameter Value
Equivalent thickness of FRCM (zr)  0.035 mm Young's modulus of dry fibre (Ep) 71000 MPa
Number of layers per side (-) 3 (double sided) Characteristic strain of FRCM (&) 1.45 %
Environmental conversion factor (7.)  0.80 (external) Design strain of FRCM (&) 0.24 %

0.90 (internal) Design debonding strength (fraq) 113.17 MPa

Table 6. Control displacements.

X-direction Y-direction
depr, desp dene dapr dasp apL asp | depr desp dene  dapr dasp o opL asp
Case [ecm] [cm] [em] [em] [em]  [-]  [-] |[em] [em] [em] [em] [em] -] []
URM 2776 948 12.65 7.56 / 0.37 / 4.04 977 13.01 &.70 / 0.46 /
FRCM (BC) 224 10.65 1456 6.26 13.66 036 0.78|5.17 991 13.1 824 12.39 0.63 0.80

FRCM (BC—OP—OW) 224 10.81 1441 6.13 1327 037 081|463 877 11.72 876 1242 053 0.71
FRCM (BC—OP—OW)

without Spandrels 2.16 10.64 14.08 632 15.82 034 0.67|4.25 10.10 13.47 937 13.62 045 0.74
FRCM (BC—IP—OW) 296 872 1170 6.60 1428 045 0.61|445 11.12 148 873 1238 051 0.90
FRCM (BC—IP—OW)

without Spandrels 296 896 133 632 1582 047 057|417 11.60 155 937 13.62 045 0.85

FRCM (BC—OP—IP—
OW—IW) 320 9.12 122 6.66 1445 048 0.63|3.61 827 11.05 869 1232 042 0.67
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