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SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

PRESENTATION LAYOUTS O OU

• Construction system

• Scientific background related to sandwich panels

E i l  f d d i  h   d h i  i i• Experimental tests performed during the years and their interpretation

• Shaking table testsg
Design
Transportation phase
Tests
Preliminary interpretation  of the results  of the shaking-table tests
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THE CONSTRUCTION SYSTEMTHE CONSTRUCTION SYSTEM

Istambul (TR). - February 8-9, 2012 



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

THE CONSTRUCTION SYSTEM
THE MODULAR PANELS

THE CONSTRUCTION SYSTEM
ei

gh
t Steel Grids φ2.5 mm with a 

mesh of 100 mm x 100 mm
Metallic Ties φ3 mm, 

quantity 47 for m2
Polystyrene 
60 mm
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peculiar design of the edges
to allow the continuity of the horizontal
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to allow the continuity of the horizontal 
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THE CONSTRUCTION SYSTEM
THE CAST IN SITU SANDWICH CONCRETE WALLS

THE CONSTRUCTION SYSTEM

40 mm of sprayed concrete
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THE PECULARITIES OF THETHE PECULARITIES OF THE 
STRUCTURAL SYSTEM

1. Squat Wallq

2. Cellular Behaviour

3. Sandwich wall3. Sandwich wall
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PREVIOUS EXPERIMENTAL TESTS PREVIOUS EXPERIMENTAL TESTS 
TO SERIES PROJECT TO SERIES PROJECT 
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• Uniaxial compression tests 
UNIBO in LAPS lab 

• Diagonal compression tests

• Slip tests between the two r.c. layers

(BOLOGNA)
2002-2003

Slip tests between the two r.c. layers

• Out-of-plane bending test

• Pseudo-static tests with horizontal loads

UNIBO in 
EUCENTRE  lab 
(PAVIA)

• Shaking table test (december 2011)

2005-2008

SERIES g
PROJECT

Istambul (TR). - February 8-9, 2012 



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

UNIAXIAL TESTSUNIAXIAL TESTS

GOAL
To study the uniaxial behaviour of single cast in situ sandwich 

ll d l h ff f ib dsquat concrete wall and to evaluate the effect of a prescribed 
eccentricity 
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UNIAXIAL TESTS
Panel reinforcement Test layout

290 cm

F

2 
cm

v

11
2

F
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UNIAXIAL TESTS: 
COMPARISON OF THE RESULTS

1400 kN 

e=0

Panel 2

1400 kN 

Panel  2,     
e=0

e=25 mm

22 mmThe eccentricity strongly influences both: 

e=50 mm
Fmax the failure load 

Vmax the maximum deflection of the 
l t th iddl l th ti
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panel at the middle length section

22 mm
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Out-of plane bending test

Novembr 2003

Analtyical-experimental correlations

• Ec = 300000 kg/cm2

• Ultimate strengths
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PSEUDO-STATIC TESTS WITH CYCLIC 
HORIZONTAL LOADSHORIZONTAL LOADS

SINGLE WALLS

GOAL
Obtaining a full characterization of the pseudo-static 
b h i d li h i l l d f i l i ibehaviour under cyclic horizontal loads of single cast in situ 
sandwich squat concrete wall.
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PSEUDO-STATIC TESTS WITH CYCLIC HORIZONTAL PSEUDO STATIC TESTS WITH CYCLIC HORIZONTAL 
LOADS

A total of 6 tests, on two different typology of N N
walls, were performed:

4 tests for wall type A: 3 m x 3 m 
square wall with no openings;
2 tests for wall type B: 3 m x 3 m 

F

2 tests for wall type B: 3 m x 3 m 
square wall with a 1 m x 1m square 
central opening;

Three different values of the vertical loads 
li dapplied:
50 kN;
100 kN;
250 kN;250 kN;

3 complete cycles applied at each step, 
increasing levels of imposed horizontal 
deformations for a given constant vertical 
load  have been appliedload, have been applied
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PSEUDO-STATIC TESTS WITH CYCLIC HORIZONTAL 

T pe A

PSEUDO STATIC TESTS WITH CYCLIC HORIZONTAL 
LOADS

Reinforcement for Wall Type A- Wall without opening
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PSEUDO-STATIC TESTS WITH CYCLIC HORIZONTAL 

T pe B

PSEUDO STATIC TESTS WITH CYCLIC HORIZONTAL 
LOADS

Reinforcement for Wall Type B- Wall with opening
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TYPE A:

WALLS WITHOUT OPENINGS

Istambul (TR). - February 8-9, 2012 



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

WALL TYPE A: RESULTS

500
Test 1 (actuator)

 500
Test 2 (actuator)
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WALL TYPE A: RESULTS

TEST 1 TEST 2 TEST 3TEST 1

N=50 kN

TEST 2

N=100 kN

TEST 3

N=250 kN

Drift FTmax FCmax FMmax FTmax FCmax FMmax FTmax FCmax FMmax

[%]
Tmax

[kN]
Cmax

[kN]
Mmax

[kN]
Tmax

[kN]
Cmax

[kN]
Mmax

[kN]
Tmax

[kN]
Cmax

[kN]
Mmax

[kN]

0.10 125.6 154.3 139.9 128.5 141.2 134.9 138.1 152.3 145.1

0.20 197.1 232.8 214.9 199.1 204.5 201.8 221.8 231.2 226.5

0.40 288.4 286.6 287.4 270.2 279.6 274.9 304.5 316.1 310.3

0.60 289 285.3 287.1 327.2 326.1 326.7 354.2 359.6 356.9

0.75 253.7 291.4 272.5 339.2 334.1 336.7 371.5 360.9 366.2

1 00 294 5 291 7 293 1 336 7 301 2 319 0 371 7 335 5 353 61.00 294.5 291.7 293.1 336.7 301.2 319.0 371.7 335.5 353.6
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WALL TYPE A: STIFFNESS
400

500
Test 2 (actuator)

 N
(kN)

K
theory,

K
theory,

K
theory,

K0
experimental,

tangent 

K0 = Ktangent

WALL TYPE A: STIFFNESS
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]

(kN) theory,
gross section

theory,
uncracked

theory,
fully cracked

tangent 

(initial)

50 1 1.04 0.11 0.14

6

-50 -40 -30 -20 -10 0 10 20 30 40 50
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displacement δ  [mm]
 

inferior
middle
superior

100 1 1.04 0.12 0.16

100 1 1.04 0.12 0.14

200 1 1 04 0 12 0 15200 1 1.04 0.12 0.15

• K is completely different from (much lower than) the K• K0 is completely different from (much lower than) the K theory,uncracked

• K0 is closer to the Ktheory,fully cracked     rather than to the K theory,uncracked

• K0 is larger than Ktheory,fully cracked 
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WALL TYPE B:RESULTSWALL TYPE B:RESULTS
CRACKING PATTERNS

Test 3 (N = 50 kN) Test 4 (N = 100 kN)

Istambul (TR). - February 8-9, 2012 
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OBSERVATIONS DESUMED FORM THE RESULTSOBSERVATIONS DESUMED FORM THE RESULTS

The results obtained from the pseudo-static tests with 400

500
Test 1 (actuator)

 

N = 50 kNcyclic horizontal load upon six 2-dimensional (3.0 m by 
3.0 m) elements with and without opening, have 
shown that the tested walls are characterized by:

0
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300

F  
 [k

N
]

N  50 kN

• absence of a real and authentic failure:“virtual 
collapse”=>no real collapse of the specimen has 
been reached, but a visible lateral strength 
reduction of the specimen has been observed; -300

-200

-100

0

fo
rc

e F

0.1%
0.2%
0.4%
0.6%p ;

• residual bearing capacity with respect to the 
vertical loads;

• high values (about 300 kN) of the maximum 
horizontal load applied to the specimens; Test 1 (N = 50 kN)

-50 -40 -30 -20 -10 0 10 20 30 40 50
-500

-400

displacement δ  [mm]
 

0.75%
1%
2%

horizontal load applied to the specimens;
• cracking patterns indicating a typical “bending” 

mode of failure;
• a maximum lateral force which is not significantly 

Test 1 (N  50 kN)

influenced by the vertical load applied;
• no significant differences between the walls with 

and without opening.
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PSEUDO-STATIC TESTS WITH 
CYCLIC HORIZONTAL LOADSCYCLIC HORIZONTAL LOADS:

H-SHAPED STRUCTURE

Istambul (TR). - February 8-9, 2012 
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THE H-SHAPED STRUCTURETHE H-SHAPED STRUCTURE
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THE H-SHAPED STRUCTURE

500
forza F  [kN] Prova n. 7 (attuatore)

THE H-SHAPED STRUCTURE
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Vertical load
30 t30 t

Ciclic horizontal load: 
50 t
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THE H SHAPED STRUCTURE: STIFFNESS

300

400

500
forza F  [kN] Prova n. 7 (attuatore)

K K K K0 K0 = Ktangent

THE H-SHAPED STRUCTURE: STIFFNESS
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• K0 is completely different from (much lower than) the K theory,uncracked

• K0 is closer to the Ktheory fully cracked rather than to the K theory uncracked0 theory,fully cracked     theory,uncracked

• K0 is larger than Ktheory,fully cracked 
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THE H-SHAPED STRUCTURE: STRENGTHSTHE H-SHAPED STRUCTURE: STRENGTHS

design values mean values

detalis given in next slide

Istambul (TR). - February 8-9, 2012 
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THE H-SHAPED STRUCTURE: 
A A CA  S G S O   S G  A S

Parallel wall – First yielding for bending in the floor

ANALITYCAL STRENGTHS OF THE SINGLE WALLS

( ) ( )
2

11 1 1
1 ,

1

2 125 t m
2 2 3 2 6 3

yy y ym y
y ym s catena ym

y

b h yby y f yh hM f A f h c
y n

ρ ⎛ ⎞−⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎜ ⎟= ⋅ − + ⋅ + + − =⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠
Parallel wall Ultimate strength for bending in the floorParallel wall – Ultimate strength for bending in the floor

( ) ( )( ) ( ) ( ),
, parete // , , , ,0,8 0,1 0,4 2 153 t m

2 2
u sb

Rd ym u sb cm u sb u sb s catena ym

yhM f b y f b h y h y A f h cρ
⎛ ⎞

= ⋅ ⋅ ⋅ ⋅ − + ⋅ ⋅ − ⋅ + + − =⎜ ⎟
⎝ ⎠

P ll l ll Sh t th i th llParallel wall – Shear strength in the wall

( )min , 61 tRd Rcd ScdT T T= = ( )0,9 cot cot sinsw
Rsd ym

AT d f
s

θ α α= ⋅ ⋅ ⋅ ⋅ + ⋅ ( )
( )2

cot cot
0,9 '

1 cotRcd c cmT d b f
θ α

α
θ

+
= ⋅ ⋅ ⋅ ⋅ ⋅

+

Perpendicular wall – Shear strength

, parete max 20 tRdN bσ⊥ ⊥= ⋅ ⋅l �

σmax = 12 kg/cm2

Maximum admissible strength (for traction)
for “steel-concrete” material considering a
diffuse reinforcement of 1+1φ2 5/5cm

Parallel wall – Base shear strength

f

diffuse reinforcement of 1+1φ2.5/5cm
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THE H SHAPED STRUCTURE  THE H-SHAPED STRUCTURE: 
ANALITYCAL STRENGTHS OF THE SINGLE WALLS

1, , parete / / 64 tmy structure RdM N h⊥= ⋅ =

, , parete / / ,parete / / 217 tmu structure Rd uM N h M⊥= ⋅ + =

/ / 61 tu structure Rd pareteT T= =, , / /

75 t

u structure Rd parete

S S, , / / 75 tu structure Rd pareteS S= =
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THE 3-STOREY BUILDING
AND 
THE SHAKING TABLE TESTSTHE SHAKING-TABLE TESTS

Istambul (TR). - February 8-9, 2012 



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

• Shaking table: a single degree‐of‐freedom
• Rigid platform: 5.6mx7.0 m

DESIGN PHASE
• Payload range between 700 to 1400 kN
• Peak acceleration with a maximum payload: 1.8g.
• Maximum force is 2100 kN and the
• Maximum overturning moment: 4000 kNm.
• Maximum admissible height: 9 m.
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DIMENSIONS OF THE 3-STOREY BUILDING

4 12 m4.12 m

5.52 m 4.12 m

Istambul (TR). - February 8-9, 2012 
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LoadsLoads

Structure weightStructure weight
• Elevation weight during the transportation phase (only elevation without extra):

elevazione nuda 51 tW =

• Total weight of the structure during the transportation phase (elevation without extra + 
foundation):

struttura nuda 51 14 65 tW = + =

• Elevation weight during the test (elevation with extra):

elevazione in fase di prova 66 tW =

Istambul (TR). - February 8-9, 2012 

• Total weight of the structure during the test (elevation with extra + foundation):

struttura in fase di prova 66 14 80 tW = + =
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Additional loadsAdditional loads

Top floor:
Two 3 t-mass in r.c. 

Intermediate floors:
Shot-crete in concrete 

(s=15 cm)

Istambul (TR). - February 8-9, 2012 
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Material parameters adopted for the design phaseMaterial parameters adopted for the design phase
WALLS: C25/30 concrete applied as “spritz beton”; (shotcrete)

FLOORS: C25/30 concrete applied with a traditional concreting;FLOORS: C25/30 concrete applied with a traditional concreting;

INTEGRATIVE REINFORCEMENT: B450C steel;

REINFORCEMENT IN THE PANELS : zinc plated steel with the sameREINFORCEMENT IN THE PANELS : zinc-plated steel with the same 

characteristics of B450C.

Strength in the design phase:

Average compression stength in concrete : 30 MPacmf =Average compression stength in concrete :

Average yielding strength in steel: 500 MPaymf =g y g g

Average yielding strength in zinc-plated steel:

ymf

500 MPaymf =
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Analytical evaluation of the accelerations corresponding toAnalytical evaluation of the accelerations corresponding to 
possible collapse mechanisms of the structure

To evaluate the spectral accelerations of the different collapse mechanisms of the model
b ildi it h b d t i dbuilding it has been determined:

•The actions (i.e. demand) in the walls (parallel and perpendicular) following the application of a
spectral acceleration equal to Sa = 1g andp q a g

•The corresponding rstrength (i.e. capacity).

Comparing the actions due to 1g with the corresponding strength it has been possible to find theComparing the actions due to 1g with the corresponding strength, it has been possible to find the
sequence of all the possible collapse mechanisms of the structure.

Hypotheses

Istambul (TR). - February 8-9, 2012 
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Seismic loads due to Sa = 1gSeismic loads due to Sa  1g 

Tot, base Ed struttura 1 66 1 66 tT T m g= = ⋅ = ⋅ =

Tot, base Ed Tot, base 66 6.4 420 t mHM M T y= = ⋅ = ⋅ =

In the hypothesis of:

0 2.5F =

In the hypothesis of:
•Linear-elastic behavior
•Plane sections after the deformation
•Orthigonal walls are perfectly connected

6.4 mHy d= =
g p y

/ /
/ /

2.22 0.31 30%
7.22Tot

J
J

ρ = = = → , / / Ed0.30 0.30 420 130 t mEdM M= ⋅ = ⋅ =

0 70 0 70 420 291 tM M4.99 0.69 70%
7.22Tot

J
J

ρ ⊥
⊥ = = = →

, Ed0.70 0.70 420 291 t mEdM M⊥ = ⋅ = ⋅ =

Ed
Ed, parete / /

0.30 0.30 420 65 t m
2 2
MM ⋅ ⋅

= = =

, 
Ed, sismico, parete 

/ /

291 53 t
5.52

EdM
N ⊥

⊥ = = =
l

66T

Parallel
walls

Perpendicular
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StrengthStrength
Parallel wall – Strength of first yielding for bending in the floor

( )2
b h⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞( ) ( )11 1 1

1 ,
1

2 149 t m
2 2 3 2 6 3

yy y ym y
y ym s catena ym

y

b h yby y f yh hM f A f h c
y n

ρ ⎛ ⎞−⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎜ ⎟= ⋅ − + ⋅ + + − =⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠
Parallel wall – Ultimate strength for bending in the floor

( ) ( )( ) ( ) ( ),
, parete // , , , ,0,8 0,1 0,4 2 181 t m

2 2
u sb

Rd ym u sb cm u sb u sb s catena ym

yhM f b y f b h y h y A f h cρ
⎛ ⎞

= ⋅ ⋅ ⋅ ⋅ − + ⋅ ⋅ − ⋅ + + − =⎜ ⎟
⎝ ⎠

Parallel wall – Shear strength in the floorg

( )min , 60 tRd Rcd ScdT T T= = ( )0,9 cot cot sinsw
Rsd ym

AT d f
s

θ α α= ⋅ ⋅ ⋅ ⋅ + ⋅ ( )
( )2

cot cot
0,9 '

1 cotRcd c cmT d b f
θ α

α
θ

+
= ⋅ ⋅ ⋅ ⋅ ⋅

+

Perpendicular wall – Tensile strength σ = 6 kg/cm2Perpendicular wall Tensile strength

, parete max 2

kg6 8 cm 412 cm 20 t
cmRdN bσ⊥ ⊥= ⋅ ⋅ = ⋅ ⋅l �

σmax = 6 kg/cm
Maximum admissible strength (in traction)
for “steel-concrete” material considering
a diffuse reinforcement of 1+1φ2.5/10cm

Parallel wall – Shear strength at the base

f
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Comparison of the actions due to 1g and corresponding strengthComparison of the actions due to 1g and corresponding strength

Perpendicular wall – Tensile strength vs. Tensile action

Parallel wall First yielding strength for bending in the floor vs bending action in the floor

Rd, parete Ed, statico, parete 

Ed, sismico, parete 

20 12 0.61
53

N N
N

⊥ ⊥

⊥

+ +
= =

Parallel wall – First yielding strength for bending in the floor vs. bending action in the floor

, parete //

//

149 2.30
65

Rd

d

M
M

= =

Parallel wall – Ultimate strength for bending in the floor vs. bending action in the floor
, parete // 65EdM

, parete // 181 2.79
65

RdM
M

= =

Parallel wall – Shear strength in the floor vs. shear action in the floor
, parete // 65EdM

, parete // 60 tSe θ = 22 ° 1.82RdT
→ = =

Parallel wall – Shear strength at the base vs. shear action
, parete //

Se θ  22    1.82
33 tEdT

→

, parete // 75 t 2 28RdT
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POSSIBLE COLLAPSE MECHANISMSPOSSIBLE COLLAPSE MECHANISMS
1. Tensile yielding of the  

perpendicular wallsp p

0.61aS g=
3.2FFS = 7.4MFS =

0.24PGA g=

2. Yielding in the plane of the 
ll l ll

3. Ultimate bending
diti (i th l ) parallel wallsconditions (in the plane) 

of the parallel walls 1.13aS g=
1.28aS g= 1.8FFS = 1.4MFS =

0.45PGA g=
0.51PGA g=

F M
1.5FFS = 1.1MFS =

5. Base displacement of the 
parallel walls

4. Shear collapse (in the 
plane) of the parallel 
walls 2.28aS g=

1 82S 0 73PGA
0.91PGA g=
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CONSTRUCTION PHASE
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CONSTRUCTION PHASESCONSTRUCTION PHASES
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ACTUAL STRENGTHS OF THE MATERIALS USED FOR THE ACTUAL STRENGTHS OF THE MATERIALS USED FOR THE 
CONSTRUCTION OF THE BUILDING

Zinc-plated steel

Test: 550 MPaTest: 550 MPa
Desingned: 500 MPaDesingned: 500 MPa

Concrete cubic specimens

Test: 25 MPa (cilyndrical)Test: 25 MPa (cilyndrical)
D i d 30 MPD i d 30 MPDesingned: 30 MPaDesingned: 30 MPa
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TRANSPORTATION PHASE
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TRANSPORTATION PHASESTRANSPORTATION PHASES

The transport of the complex structure-foundation 
is as in the following:

1 The complex structure foundation is uploaded in 1.The complex structure-foundation is uploaded in 
position 1 with four actuator;

2.The complex structure-foundation is positioned p p
on some sliders and pulled with chains up to 
position 2;

3 in position 2 the complex structure foundation is 3.in position 2 the complex structure-foundation is 
lowered and then re-uploaded;

4.The complex structure-foundation is positioned p p
on some sliders and pulled with chains up to the 
shaking table (position 3). 
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The uploading and lowering systemThe uploading and lowering system

Points of uploading

Structure
FoundationFoundation

System of 
P i t f uploading and 

lowering
Points of 
uploading Squat slabs

A h i l t t l b

Istambul (TR). - February 8-9, 2012 
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The uploading and lowering systemThe uploading and lowering system
Horizontal stresses (S11)

S11 = 3 kg/cm2

Vertical stresses (S22)Reinforcement of the base Vertical stresses (S22)

σ =  6 kg/cm2

1+1 post-tensioned cables (N=40 t)

σmax =  6 kg/cm2

Maximum admissible 
strenght (in tension) 
for the “steel-

“Effect arch”
S22 = 5 kg/cm2

Istambul (TR). - February 8-9, 2012 
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The uploading and lowering system
System for fixing the cables

The uploading and lowering system

Cables to avoid 
the arch effect

Reinforcement 
at the base

Hydraulic

Istambul (TR). - February 8-9, 2012 
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TRANSPORTATION PHASESTRANSPORTATION PHASES
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TESTING PHASE
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INSTRUMENTATIONINSTRUMENTATION
Wall n. 2

outside inside
Wall n. 4

outside
Accelerometers

Wall n. 1 Wall n. 3
outside inside outside inside
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INPUT: Montenegro recorded ground motion (1979)INPUT: Montenegro recorded ground motion (1979)
original PGA = 0.305g

accelerogram

responseresponse 
spectrum
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SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

TEST PROGRAM

n. Test

1 0.05 g test

2 0 15 g test2 0.15 g test

3 0.50 g test

4 1 00 t t4 1.00 g test

5 1.20 g first test

d6 1.20 g second test
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EXPERIMENTAL - FREQUENCIESEXPERIMENTAL - FREQUENCIES
Freq. Period

.
Hz sHz s

Before 0.05 g test 10 0.100
11.7 0.085

Between 0 05 g and 0 15 g tests 10 0 100Between 0.05 g and 0.15 g tests 10 0.100
11.7 0.085

Between 0.15 g and 0.50 g tests 10 0.100
11 7 0 08511.7 0.085

Between 0.50 g and 1.00 g tests -
11 0.091

Between 1 00 g and the first 0 30 g white noises -Between 1.00 g and the first 0.30 g white noises
10.4 0.096

Between the 0.30 g white noises and the first 1.2 g test -
8.6 0 1168.6 0.116

Between the first  1.20 g test and the 0.50 g white noises -
Between the 0.50 g white noises and the second  1.20 g test -

8 2 0 122
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FEEDBACK ACCELERATION AS FUNCTION OF TIMEFEEDBACK ACCELERATION AS FUNCTION OF TIME

1.5
Feedback - 1g

1

0.5

0

a 
[g

]

-0.5

-1

1.28feedbackPGA g=
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FOUNDATION ACCELERATION AS FUNCTION OF TIMEFOUNDATION ACCELERATION AS FUNCTION OF TIME

1.5
Foundation - 1g

1

0.5

0

a 
[g

]

-0.5

-1

1.28foundationPGA g=
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1ST STOREY ACCELERATION AS FUNCTION OF TIME1ST STOREY ACCELERATION AS FUNCTION OF TIME

1.5
First Storey - 1g

1

0.5

0

a 
[g

]

-0.5

-1

1.20first storeyPGA g− =

Istambul (TR). - February 8-9, 2012 

0 10 20 30 40 50 60 70 80 90 100
-1.5

t [s]

first storey



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

2ND STOREY ACCELERATION AS FUNCTION OF TIME2ND STOREY ACCELERATION AS FUNCTION OF TIME

1.5
Second Storey - 1g

1

0.5

0 5

0

a 
[g

]

-1

-0.5

-1.5

sec 1.55ond storeyPGA g− =
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3RD STOREY ACCELERATION AS FUNCTION OF TIME3RD STOREY ACCELERATION AS FUNCTION OF TIME

2
Third Storey - 1g

1.5

0.5

1

-0 5

0

a 
[g

]

-1

0.5

-2

-1.5

2 04PGA g=
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TOTAL FORCE AS FUNCTION OF TIMETOTAL FORCE AS FUNCTION OF TIME

1500
forza totale (ch. 0, 1, 3, 7, 11)

1000

500

0

F 
[k

N
]

-500

( ) ( ) ( ) ( )
3

F t t t t∑
-1000

( ) ( ) ( ) ( )
1

tot i i table feedback foundation foundation
i

F t m a t m a t m a t
=

= + +∑

,max 1300 totF kN=
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BASE SHEAR AS FUNCTION OF TIMEBASE SHEAR AS FUNCTION OF TIME

800
Base Force - 1g

400

600

200

400

-200

0

F 
[k

N
]

600

-400

( ) ( )
3

V t t∑
-800

-600 ( ) ( )
1

base i i
i

V t m a t
=

=∑

,max 825 baseV kN=
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BASE MOMENT AS FUNCTION OF TIMEBASE MOMENT AS FUNCTION OF TIME

400
Base Moment - 1g

300

100

200

-100

0

M
 [t

 m
]

-200

100

( ) ( )
3

M t t h∑

-400

-300
( ) ( )

1
base i i i

i

M t m a t h
=

=∑

,max 4000 baseM kNm=
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2
x 10-4 ch.57

EPSILON AS FUNCTION OF TIME

0

ε c [%
]

Wall n. 3 - outside

0 10 20 30 40 50 60 70 80 90 100
-2

t [s]

2
x 10-4 ch.58

0

ε c [%
]

0 10 20 30 40 50 60 70 80 90 100
-2

t [s]

2
x 10-4 ch.59

3
max 0.2 10ε −≅ ⋅

0

2

ε c [%
]
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EPSILON AS FUNCTION OF TIME
4

x 10-4 ch.74

EPSILON AS FUNCTION OF TIME

0 10 20 30 40 50 60 70 80 90 100
-2

0

2

ε c [%
]

Wall n. 3 - inside

0 10 20 30 40 50 60 70 80 90 100
t [s]

2
x 10-4 ch.75

0 10 20 30 40 50 60 70 80 90 100
-4

-2

0

ε c [%
]

0 10 20 30 40 50 60 70 80 90 100
t [s]

2
x 10-4 ch.763

max 0.2 10ε −≅ ⋅

0 10 20 30 40 50 60 70 80 90 100
-2

0

ε c [%
]
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EPSILON AS FUNCTION OF TIME

5
x 10-4 ch.24

EPSILON AS FUNCTION OF TIME

3

0

5

ε c [%
] Wall n. 1 - outside

3
max 0.5 10ε −≅ ⋅

0 10 20 30 40 50 60 70 80 90 100
-5

t [s]

2
x 10-4 ch.25

-2

0

ε c [%
]

0 10 20 30 40 50 60 70 80 90 100
-2

t [s]

2
x 10-4 ch.26

3
max 0.2 10ε −≅ ⋅

0 10 20 30 40 50 60 70 80 90 100
-2

0

ε c [%
]
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EPSILON AS FUNCTION OF TIME
2

x 10-4 ch.63

EPSILON AS FUNCTION OF TIME

0

ε c [%
] Wall n. 1 - inside

0 10 20 30 40 50 60 70 80 90 100
-2

t [s]

2
x 10-4 ch.64

-2

0

ε c [%
]

0 10 20 30 40 50 60 70 80 90 100
2

t [s]

10
x 10-5 ch.65

0 10 20 30 40 50 60 70 80 90 100
-5

0

5

ε c [%
]
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PRELIMINARY INTERPRETATION 
OF THE RESULTS 
OF THEOF THE
SHAKING-TABLE TESTSSHAKING TABLE TESTS
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PERIODS AND FREQUENCIESPERIODS AND FREQUENCIES

exp SAPf fexp

exp

SAP

SAP

f f
E E

=

2
exp expE f

E f
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

2

SAP SAPE f

E f

⎝ ⎠

⎛ ⎞
Elastic 

M d l
Period Frequency

FEM analysis

exp exp

0.1 c SAP

E f
E f

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

Modulus
[kg/cm2]

[s]
q y
[Hz]

E = 30 MPa 0.07 14
0.5E = 15 MPa 0.095 10.5

1 1 kf C E= = = ⋅

2
exp exp0.1

E f
E f

⎛ ⎞
= ⎜ ⎟

5 5 95 5
0.1E = 3 MPa 0.21 4.8
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PERIOD - FREQUENCIES
Test Experimental frequency

As given by Simone Girello
(E,J)/(EcJgross section) which 

gives a numerical frequency = 
experimental frequency

Before 0.05 g test 10.0 Hz
11.7 Hz

0.43
0.59

Between 0 05 g and 0 15 g tests 10 0 Hz 0 43Between 0.05 g and 0.15 g tests 10.0 Hz
11.7 Hz

0.43
0.59

Between 0.15 g and 0.50 g tests 10.0 Hz
11.7 Hz

0.43
0.59

B t    d   t t

INDICATION ON 
GLOBAL STIFFNESS

Between 0.50 g and 1.00 g tests -
11.0 Hz

-
0.52

Between 1.00 g and the first 0.30 g 
white noises

-
10.4 Hz

-
0.47

different 
from the 0.15 values of 
the single walls

Between the 0.30 g white noises and 
the first 1.2 g test

-
8.6 Hz

-
0.32

Between the first  1.20 g test and the 
0.50 g white noises

- -

the single walls 
and
from the 0.11 values of 
the H-shaped structure

Between the 0.50 g white noises and 
the second  1.20 g test

-
8.2 Hz

-
0.29

After the last 1.20 g test - -
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APPROACH AAPPROACH A

( )ia t ( )j tε
Accelerometers

( )i ( )j

30000 MPa
:

210000 MPa
c

s

E
HP

E
=⎧

⎨ =⎩

gross section

uncracked:

W

HP W
⎧
⎪
⎨
⎪

fully crackedW⎪⎩

( ) ( )ext i i iM t m a t h=∑ ( ) ( )int c jM t W E tε= ⋅ ⋅( ) ( )ext i i i
i
∑ ( ) ( )int c j

( )M t( )eM t
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3 STOREY STUCTURE: STIFFNESS3-STOREY STUCTURE: STIFFNESS
K gross section: 1

1 1K
−

⎛ ⎞
+⎜ ⎟gross section

gross section3
flex shear

c

K
K K

E J
K

= +⎜ ⎟⎜ ⎟
⎝ ⎠

3

gross section

flex

c
shear

K
h

G A
K

h

=

=shear hχ

gross section 1 2

gross section 1 2

J J J

A A A

= +

= +g
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3 STOREY STUCTURE STIFFNESS3-STOREY STUCTURE: STIFFNESS
K uncracked:

1

uncracked
1 1K

K K

−
⎛ ⎞

= +⎜ ⎟⎜ ⎟
⎝ ⎠

uncracked
3

3
flex shear

c
flex

K K

E J
K

⎜ ⎟
⎝ ⎠

= 3

uncracked

flex

c
shear

h
G A

K
hχ

=
hχ

( )
( )

uncracked 1 2 3 4

uncracked 1 2 3 4

J J J n J J

A A A n A A

= + + +

= + + +

Istambul (TR). - February 8-9, 2012 

( )uncracked 1 2 3 4



SEISMIC BEHAVIOR OF STRUCTURAL SYSTEMS COMPOSED OF CAST IN SITU CONCRETE WALLS

3 STOREY STUCTURE: STIFFNESS3-STOREY STUCTURE: STIFFNESS
K fully cracked:

1

fully cracked
1 1

flex shear
K

K K

−
⎛ ⎞

= +⎜ ⎟⎜ ⎟
⎝ ⎠

fully cracked
3

3 c
flex

E J
K

h

⎝ ⎠

=

( )33 22 b h bb
fully crackedc

shear
G A

K
hχ

=
( )

( )

3
/ // /

fully cracked

2 2
,/ / / /

/ /

22
3 12

2
2

2 12
s

b h bb x
J

nA hbb h b x

⊥ ⊥

⊥
⊥ ⊥

−
= + +

⎛ ⎞+ − ⋅ − + +⎜ ⎟
⎝ ⎠

( )

( )

/ /

2 2
/ /

,/ / , catena / /

2 12

2
2 2s s
h bnA x n A A h x

⊥ ⊥

⊥
⊥

⎜ ⎟
⎝ ⎠

⎛ ⎞ ⎛ ⎞+ − + + − − +⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

( )
2

, catena

fully cracked / / ,/ / ,

2
2 2 2

s

s s catena

bn A A x

A b x nA nA nA

⊥
⊥

⊥

⎛ ⎞+ + −⎜ ⎟
⎝ ⎠

= ⋅ + + +
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APPROACH A: GROSS SECTIONAPPROACH A: GROSS SECTION
1

1.5
x 108

Hp: E
c
 = 30000 MPa and W = Wgross

( )extM t

-0.5

0

0.5
M
i,M

e [k
N
 m
]

( )

( )

ext

M

t

1.5
x 104

Hp: Ec = 30000 MPa and W = Wgross
0 10 20 30 40 50 60 70 80 90 100

-1.5

-1

t [s]

( )intM t

0.6

0.9

1.2

0

0.3

M
i [k

N
 m

]

-0.9

-0.6

-0.3

M

( ) ( )int vs. extM t M t
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APPROACH A: UNCRACKED SECTIONAPPROACH A: UNCRACKED SECTION 

( )extM t

( )intM t( )int
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APPROACH A: UNCRACKED SECTIONAPPROACH A: UNCRACKED SECTION

1

1.5
x 108

Hp: E
c
 = 30000 MPa and W = Wuncracked

0

0.5

1

M
i/M

e [-
]

-1

-0.5

M

0 9

1.2

1.5
x 104

Hp: Ec = 30000 MPa and W = Wuncracked
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0
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 m
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APPROACH A: FULLY CRACKED SECTION
1.5

x 104
Hp: Ec=30000 MPa, Es = 210000 MPa and W = Wfullycracked
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APPROACH A: MODIFIED E GROSS SECTIONAPPROACH A: MODIFIED EC GROSS SECTION
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APPROACH A: MODIFIED E UNCRACKED SECTIONAPPROACH A: MODIFIED EC UNCRACKED SECTION
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APPROACH A: MODIFIED ES CRACKED SECTION
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x 104

Hp: E
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=30000 MPa, E
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SIGMA-STRAIN CH  59
Wall n. 3 - outsideHP) gross section
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SIGMA-STRAIN CH  59
Wall n. 3 - outsideHP) gross section
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PRELIMINARY CONCLUSIONSPRELIMINARY CONCLUSIONS

• Solution adopted for brace the structure for the lifting andSolution adopted for brace the structure for the lifting and 
transport phase is correct.

• The wall polystyrene-concrete system works correctly under 
seismic loadsseismic loads

• The 3d building in more rigid and strong than the predicted by 
the models (analytical and numerical) calibrated with the 

lt f li t tresults of cyclic tests.
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