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Historic seismicity
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Structural damages

la Earthquake:

L’AQu

Columns




L’Aquila Earthquake
Columns

Shear Failure at the rectangular
column end.

The stirrups spacing seems to
be higher than 200mm.

Poor concrete quality

: Structural damages




L’Aquila Earthquake: Structural damages

Columns

Shear Failure




L’Aquila Earthquake: Structural damages

Columns

Shear Failure on the short
columns due to the
basement wall




L’Aquila Earthgquake: Structural damages

Beam-Columns Joints

Lack ostirrups In the joint

Buckling of longitudinal rebars from column to the joint




L’Aquila Earthgquake: Structural damages

Beam-Columns Joints

No stirrups in the joint

Poor concrete quality




L’Aquila Earthquake: Structural damages
Shear Walls




L’Aquila Earthgquake: Structural damages
Shear Walls




L’Aquila Earthquake:

Structural damages

Staircase




L’Aquila Earthquake: Non-Structural members damages

Infills

Failure due to horizontal crack at partition’s mid-height

Failure due to diagonal crak: it could be followed by shear

o failure of rc frame

Di

Failure due to the horizontal sliding along the partition’s joint:
in case of poor mortar or in case of poor bond between
mortar and brciks

Rﬂ Failure due to partion’s crushing near corners




L’Aquila Earthquake: Non-Structural members damages

Infills

C1




L’Aquila Earthquake: Non-Structural members damages

Infills

Discontinuity due to openings

Overturning of external partiton’s
panel




L’Aquila Earthquake: Non-Structural members damages

Infills

h T i Overturning of external
p=—ma partiton’s panel

N

A T3 High slenderness

S

ﬁm | No lateral restrains
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L’Aquila Earthquake: Non-Structural members damages

Infills

No lateral restrain.

Failure of external corner with
damage of two sides.




L’Aquila Earthquake: Non-Structural members damages

Infills

Typical partition crushing on corners due to the compressive stresses.

Diagonal flexural crack on the columns’ end




L’Aquila Earthquake: Structural Collapses
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L’Aquila Earthquake: Structural Collapses

BEFORE

Hotel Duca degli Abruzzi




L’Aquila Earthquake: Structural Collapses
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L’Aquila Earthquake: Structural collapses

The buildings of “Pettino”




L’Aquila Earthquake: Structural collapses

The building
“Pettino”

s of
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Damage to Masonry
Buildings in Hystorical
Center




San Gregorio
7 aprile

Onna
6/7 aprile




Tempera: collapse of head L’Aquila: lack of transversal
board buildings wall at the upper level of the
building

Damages and Vulnerability

Structural Behavior and building location in the masonry buildings’
aggregate




Poggio Picenze: Local
collapse due to a wall
discontinuity

Villa Sant’Angelo: alteration
of the original structural
configuration: wooden
tie,originally well connected
to the external wall by
means of an iron device, has
been cutted during an heavy
refurbishment




Tempera: the heavy roof
caused the collapse of
masonry walls

Villa Sant’Angelo: the r.c.
roof implied the masonry
walls collapse.




T -
L’Aquila: at second floor it was
inserted a r.c. stair.

- A"'.‘-!

Paganic: insertion of a deep r.c. slab

Damages and Vulnerability

Floor slabs and Vaults




Castelnuovo: poor connection Paganica: overturning crack
between masonry walls. involving a portion of masonry
wall.




Villa Sant’Angelo: in-plane shear

= . ¥ =t cracks on the whole facade wall.
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Sant’Eusanio Forconese: in-plane
shear cracks on masonry walls
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Structural Safety Assessment: In-situ iInspections

THE BUILDINGS WERE RATED IN ORDER TO ORGANIZE
THE REPAIR/RECONSTRUCTION PROCESS.

The “A” buildings were able to be inhabited again;

The “B” and “C” buildings required some light repairs before
being reopened to habitants. The repairs on the “B” and “C”
buildings were first priority. This is done in an effort to return
people to their homes as quickly as possible. Many of the residents
whose homes were considered “B” or “C” level have been
temporary accomodated hotels and private homes accommodations
because the repairs to their homes will not require as much time.




Structural Safety Assessment: In-situ iInspections

THE BUILDINGS WERE RATED IN ORDER TO ORGANIZE THE
REPAIR/RECONSTRUCTION PROCESS.

The “E” buildings are treated in a second stage of the reconstruction

Before the repairs were able to begin, many of the displaced people
needed a more permanent shelter than a tent. The Civil Protection
Department decided this mainly due to the climate in L’Aquila.
The people needed to be out of the tent camps before winter hit.

The C.A.S.E. project came out of this need. .

The project consisted of the following goals: »
»Homes and Neighborhoods Available in Five to Six Months"c'3'g @
» Anti-seismic Security using an “Isolation” technique

»High Level of Standard of Living

»High-Tech, Self-Sufficient MEP Systems

»Environmental Sustainability and Green Design




“Light Reconstruction”- Buildings “B”,”C”

Financial Contribution Allowed

Rating B: Temporarily unusable building (fully or partially) but will
be fit for use with mainly non-structural interventions.

Rating C: Partially unusable building.

v Total refund of repair intervention costs + local
strengthening of structural or non-structural members
up to 150 €/mq.;

Local strengthening interventions:
® It is related to single structural members;
® no significant mass and stiffness variation;
® the local member’s capacity increase should
be evaluated;
® the analysis of the whole structure is not
necessary.




“Heavy Reconstruction”- Buildings “E”

Financial Contribution Allowed
Rating E: Unusable building (structural damages).
v Total refund of repair intervention

costs + seismic _rehabillitation (up to
80%) up to 400-600 €/maq.

v In case of “E” buildings with a low
level of structural damages it is also
possible to perform only the |ocal
strengthening of structural or non-
structural members up to 250 €/mgq.;




“Heavy Reconstruction”- Buildings “E”

Financial Contribution Allowed

Rating E: Unusable building (structural damages).

v' Reconstruction or replacement in case of:

1) Totally collapsed buildings

2) Masonry structures partially collapsed
(more than 25% in volume)

3) Reinforced Concrete Structures,
average compressive cylindrical
strength lower than 8 MPa

4) Reinforced Concrete Structures, more
than 50% of storey’s columns with a drift

higher than 1.5%

v' Specific Reccomendation for masonry aggreqgates




RECONSTRUCTION PROCESS:

RelLUIS ACTIVITY

Several expert technicians in seismic risk (Ph.D, or
master) perform the technical investigation both on:

“Heavy Reconstruction”- Buildings “E”




RECONSTRUCTION PROCESS:

RelLUIS ACTIVITY




WEBSITE: ReLUIS www.reluis.it

DESIGN KIT

GUIDELINES AND DESIGN EXAMPLES
GUIDELINES FOR REPAIR AND LOCAL STRENGTHENING OF
STRUCTURAL AND NON STRUCTURAL MEMBER

1. Repair of damaged non structural members

LINEE GUIDA PER LA RIPARAZIONE E 1L (A1)1
RAFFORZAMENTO DI ELEMENTI )
STRUTTURALL TAMBONATHRE E 2. Local repair of structural members (A.4);
PARTIZIONI

3. Interventions to avoid overturning of
Dipasisento Proteine vl A internal or external partitions (B.1);
)1 nifppeeficia
BOZZA - AGOSTO 2009
4.  Local strengthening interventions on
s reinforced concrete or masonry structures
according to seismic codes (8.4.3, DM 14.01.08
and Circolare n. 617, 2 febbraio 2009 (B.2).

WWWW




Local Strengthening: External Joints

U-shaped sheets on beams’end with uniaxial CFRP sheets




Local Strengthening: External Joints




Partitions’ Anti-Overturning

L—a—-J

Plaster removal along the partition’s perimeter.




WEBSITE ReLUIS www.reluis.it

DESIGN KIT

GUIDELINES AND DESIGN EXAMPLES
LOCAL COLLAPSE MECHANISMS IN EXISTING MASONRY STRUCTURES

RIBALTAMENTO SEMPLICE DI PARETE

1. Synthetic description of collapse mechanisms;

2. Sketch and photos of real collapses;

3. Constrains of masonry walls;

4. Vulnerability due to the mechanism.
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WEBSITE ReLUIS www.reluis.it

DESIGN KIT
GUIDELINES AND DESIGN EXAMPLES
DESIGN EXAMPLE OF LOCAL STRENGTHENING: CHAINS

To avoid the out of plane overturning of
masonry walls.

1. Verification at Life Safety limit state with
linear analysis ;

2. Verification at Life Safety limit state with non
linear analysis;

3. Constructions’ details .

WWW‘@M“




RECONSTRUCTION PROCESS: ReLUIS CHECKS

CHECK LIST: DOCUMENTATION
STRCTURE DESCRIPTION AND DAMAGES’ REPORT

Foto n°® 10




RECONSTRUCTION PROCESS: ReLUIS CHECKS

CHECK LIST: DOCUMENTATION
DESCRIPTION AND DESIGN OF INTERVENTIONS

REPAIR INTERVENTION

/ F/03-005 Stuccatura e rinzeppatura di lesioni
profonde su murature in laterizio forato.

NP 84 Ripresa di lesione con funzione
antiribaltamento mediante apposizione di rete in
fibra di vetro su strato di malta bicomponente ad
elevata duttilita .

NP 05 RASATURA ARMATA PER INTERNO.
Rasatura armata per recupero di parti interne
interessate da lesioni di intonaco.

LOCAL STRENGTHENING
INTERVENTIONS (up to 150 €/m2)
F/ 1-45 Rinforzo strutturale su elementi inflessi e

pressoinflessi mediante I’applicazione di nastri
in fibra di carbonio.




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
Damages to non structural

1. External panel of partition collapse;
2. Partition overturning:

3. Cracks on partitions.




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” - “C”

Partitions’ Anti-Overturning

1. Plaster removal along the partition’s
perimeter;




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” - “C”

Partitions’ Anti-Overturning

2. Hole in the partition;

3. Installation of a first layer of cementitious
mortar and GFRP alcali-resistant grid;

3D View Section




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” - “C”

Partitions’ Anti-Overturning

4. SFRP spikes;

K SFRP Spike

3D View Section




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” - “C”

Structural Damages (Repair or Local Interventions)

10INT EAIPAMAGE OF STRUCTURAL MEMBER!

Cracks due to the actions provided by partition.
PSEUDO-HORIZONTAL CRACK at column-joint panel
interface.
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” - “C”

Structural Damages (Repair or Local Interventions)
Strengthening of external Joints

1. DIAGONAL UNIAXIAL STEEL SHEETS designed
to resist to partitions’ actions .




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
Structural Damages (Repair or Local Interventions)

2.QUADRAXIAL CFRP SHEETON ON THE JOINT
PANEL.: Shear strength increase.




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
Structural Damages (Repair or Local Interventions)

3. COLUMNS’ ENDS CONFINEMENT BY USING CRP
UNIAXIAL SHEETS: Concrete ultimate strain increasee
and thus curvature and rotational capacity increase




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
Structural Damages (Repair or Local Interventions)

<> 4. U-SHAPED UNINAXIAL CFRP SHEETS : Shear
T strength increase of beams’ends




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction - BUILDINGS “B” — “C”

MASONRY STRUCTURES
Out of plane mechanisms

DAMAGES
OVERTURNING




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
MASONRY STRUCTURES

Repair and Strengthening Interventions
TO AVOID OVERTURNING:

CORNER JOINTS STRENGTHENING

1L_ VARIABILE L

MURATURA ESISTEMTE !

FORO @ 45

N
BARRA @ 16

DI LUNGHEZZA VARIABILE [
'\\ I

M T
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”
MASONRY STRUCTURES
Repair and Strengthening Interventions

TO AVOID OVERTURNING:
CHAINS
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”

MASONRY STRUCTURES
Repair and Strengthening Interventions

TO AVOID OVERTURNING:
CONNECTION BETWEEN HORIZONTAL SLAB AND PERIMETER MASONRY WALLS

e T

n= ] // gﬁﬁﬁf




RECONSTRUCTION PROCESS: ReLUIS CHECKS

“Ligth” Reconstruction — BUILDINGS “B” - “C”

MASONRY STRUCTURES

Repair and Strengthening Interventions
TO AVOID OVERTURNING:
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RECONSTRUCTION PROCESS: ReLUIS CHECKS
“Ligth” Reconstruction — BUILDINGS “B” - “C”

MASONRY STRUCTURES
In plane mechanisms
DAMAGES '
In plane Shear Diagonal Cracks i d_-ri" G |
on the masonry walls ;t\ S
;'.L{r.:_ i |
b
. fr
INTERVENTIONS

—
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To increase the mechanical
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RECONSTRUCTION PROCESS:
e

“Light Reconstruction”- Buildings “B”,”C”
COSTS ON RC BUILDINGS

~—  A400<€/mq.<500

6,00%
300<€/mq.<400 \
24,00% 38,00%
100<€/mq.<200

200<€£/mq.<300

REPAIR COSTS ON APARTMENTS




RECONSTRUCTION PROCESS:

“Light Reconstruction”- Buildings “B”,”C”

COSTS ON RC BUILDINGS
MAXIMUM ALLOWABLE: AVERAGE LOCAL STRENGTHENING
2007 150 €/rmn INTERVENTION COSTS:
. — y 49,12 €/mq
[%2]
& 150
= o
E ) ¢ [ )
Z g 100 o
2w o
g 5 o © ¢
T 8 ®
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RECONSTRUCTION PROCESS:
RelLUIS ACTIVITY

“Heavy Reconstruction”- Buildings “E”




Seismic Rehabilitation Strategies

(a)increase strength
seismic (b) increase strength
strengthening and ductility

(c)increase ductility

: , (a)

& X Required
""""" () Seismic

E, Performance

5

]

P Existing e e

Building

Ductility

rovide peripheral frames
ck-up buttresses
structure —
cast-in-situ concrete
nfill precast concrete panel
existing steel panel
frames concrete blocks
brick infill
brace comp. or tens. braces
existing tens. & comp. braces
frames steel or concrete
post-tensioning cables
gilgge cast-in-situ concrete
walls precast concrete panel
) steel encasement
jacket steel straps
existing concrete or mortar
members| | carbon fiber




Seismic Rehabilitation Strategies
Local Strengthening Technigues

RC Jacketing

Steel Jacketing

FRP Confinement




Seismic Rehabilitation Strategies
Global Strengthening Technigues

Steel bracing

RC Shear Walls

Base Isolators and
_dissipative bracing system
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i X

— Damper Damper
Shear link
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Friction
Dampers

ke I o _||]_ Daumper




Local Strengthening Techniques
RC Jacketing




Local Strengthening Techniques
FRP Confinament

\ repaired

\ N/ ~—/m™

120 140 160




Global Strengthening Technigues
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

RC Shear Walls
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ReLUIS CHECKS
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

RC Jacketing

Ante = Operam [ * | . Post — Operam

]
B [ | .

L] L] L

FECSARTTE BT
/7] SETIIN CA. CON [UNZIONE DI CONTROVENTO
Sono elermenti inserdi per colmare la carenza
di efficaci controventi ed ai quali é affidato il
compito della resistenza in caso di evento sismico.




RECONSTRUCTION PROCESS: ReLUIS CHECKS

llllll

Details

RC Jacketing

@220 Lmldd P12£25 Lmldi




RECONSTRUCTION PROCESS: ReLUIS CHECKS

Steel Jacketing




RECONSTRUCTION PROCESS: ReLUIS CHECKS

FRP Strengthening - Global analysis and details




RECONSTRUCTION PROCESS: ReLUIS CHECKS

Base Isolation —Case A
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RECONSTRUCTION PROCESS: ReLUIS CHECKS
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Base Isokdtion —Case B

LA A AR A LA AL ALALALALALALALA LA LALL)

TS Ty Y Y Yy rrrr T T T T T TY
Rl S R R R R R R
7 TITYTET T
TRV RNNYTYVYNY
TYVFVTRYTYVTYTY

v TETYT T
YETTYTYTTEYW TYVVTYETVTYVW
= TEVEVTSTVYYW
TEWTTTRTYVY

—=7s ™




RECONSTRUCTION PROCESS: ReLUIS CHECKS

Base Isolation —Case B
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Dissipative Bracing Systems
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Dissipative Bracing Systems
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Steel Reinforced plaster
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

DETTAGLI ESECLTIVI INTERVENTO Ol CONSOLICAMENTS MURATURE
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Diffused Steel or Glass Fibre Reinforced plaster

Global Analysis is needed
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RECONSTRUCTION PROCESS: ReLUIS CHECKS

Summary of ReLUIS Checks

3152 PROJECTS INVESTIGATED OF
BUILDINGS RATING B-C-E (L’Aquila)

3500 -

Buildings

3000 -
2500 -
2000 -

1500 - Masonry

43%
MUR.
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The reconstruction
of hystoric centre of L’Aquila




“PIAZZA della
PREFETTURA":

A PILOT PROJECT




METHODOLOGY OF STUDY

1. ARCHITECTURAL SURVEY

2. STUDY OF MASONRY BUILDINGS’
AGGREGATE AND ARCHITECTURAL
CHARACTERISTICS

STRUCTURAL SURVEY

DAMAGE AND CRACKS ANALYSIS

IN SITU TESTS

SEISMIC ANALYSIS

RETROFIT INTERVENTIONS
STRUCTURAL CAPACITY INCREASE

SR> O~ W

DEFINITION OF GUIDELINES FOR THE
SURVEY, ANALYSIS AND RETROFIT
INTERVENTIONS ON MASONRY BUILDINGS’
AGGREGATE IN SEISMIC ZONES




ARCHITECTURAL SURVEY

BLOCK PLAN VIEW

“BLOCK “PIAZZA della PREFETTURA”
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ARCHITECTURAL SURVEY

BLOCK "PIAZZA della PREFETTURA”
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ULECIN B UINMINICECICINSERYES B OCK “PIAZZA della PREFETTURA”

Historic View:| 1703. L
Historic view:| 1500. Historic view:| 1700. Damages due to seismic Historic View: 1858.

event
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Palazzo Bonomo
Via degli Alemanni
- end of ‘500 -

Tononnnns
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VESSIONNIZa @ =1V [RBIINERWNCICINSEVNIS B OCK “PIAZZA della PREFETTURA”

Casa Nardis

Via degli Alemanni

- End of ‘500 and '700 -

. Palazzo in Piazza della
Prefettura — middle century XIX




ARCHITECTURAL SURVEY AND BLOCK

PROSPETTI

Portion
demolished and
re-built with rc
frame

New part

“BLOCK via VITTORIO EMANUELE II”
.[ {\ ; ‘ PLAMIMETRIA GINERAL




ARCHITECTURAL SURVEY AND BLOCK . _ )
STUDY BLOCK via VITTORIO EMANUELE I

LEVEL 1




STRUCTURAL SURVEY aonsone
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STRUCTURAL SURVEY
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STRUCTURAL SURVEY

IRREGULAR RUBBL
MASONRY
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STRUCTURAL SURVEY
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DAMAGES ANALYSIS
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DAMAGES ANALYSIS
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DAMAGES ANALYSIS

REINFORCED PLASTER MASONRY WALLS

TIE RC BEAMS INSERTION
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STRUCTURAL BEHAVIOR ANALYSIS

ANALYSIS OF LOCAL MECHANISM
Assessment of masonry building vulnerability.

Y Calcolo indici 11 e 12 - v_1

Lok
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i : edifici
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—
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VERTICAL MEMBERS

OUT OF PLANE MECHANISMS: Facades’ Overturnng

d Profila n acclalo & 30
4 mm
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d. 30 m
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cm Prospetto -
Prospetto Sezione
Figura B.12.1 — Schematizzazione dell’ancoraggio con paletto o bolzone
SEZIONE PROSPETTO PIANTA
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SHEAR CRACKS
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VERTICAL MEMBERS
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INJECTIONS
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' DEEP VAULTS
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FLOOR SLABS

CRACKS AND PARTIAL OR TOTAL FLOOR SLABS

COLLAPSE
E ' Riempimento Voltine di mattoni
/. Profilo esistente / Pavimento
e —y - i . ’:.
) [nte = p
A A

Floor slab strengthening with reinforced
j‘> concrete slab




FLOOR SLABS

CRACKS OR PARTIAL COLLAPSE OF
VAULTS

Strengthening with composites (FRP)




INTERVENTIONS

TOTAL COLLAPSE OF VAULTS

T

THIN VAULTS

CRACKS PARTIAL OR TOTAL
COLLAPSE

FLOOR SLABS
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