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Activity

* Retrofitting RC columns

| . Retrofitting RC & masonry infilled RC
) . structures

| . * New technologies- New control

Algorithms
'. - Hybrid testing — Isolation devidf

J _‘,.'-'.?1-?‘}"’_ o

Ly

—1 ke
ey l:.‘a"t oy :-.-r'.".‘"
FIEENS

* Geographically distril

testing

structures [ laberatory
e
Civil ENGINEERING DERT | UNIVERSITY OF PATRAS




Activity

* Retrofitting RC columns
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Sub-standard structures — the problem

* Greece
— Codes before 1959: designed for gravity—load
— Zakynthos earthq. 1953 (6.5/6.8/7.2 R), 1955 (6.2R)
— New Code: 1985 (after Volvi 6.5R & Alkyonides 6.7R)
— Athens eq. 1999: 45% of collapses concerned <1959 bldgs.

* Resistance of structures before 1985: ag ~0,10%g
- Similar in other countries

 Insufficient detailing of reinforcement — deficiencies:
— Low grade steel (S220), Low quality concrete
— Small column X—section, much stronger beams
— Sparse stirrups — not well anchored (closed at 90°)
— Insufficient lap—splicing length
— Small cover to the reinforcement

— Members with low (flexural / shear) strength and low
deformation capacity

— Assymetry in plan and in elevation
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Square columns with smooth bars (5220)
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Rectangular columns — deformed bars (S5400)
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Conventional retrofitting

= RC Jacketing 1s widely used & cost-effective for RC
buildings:

= familiar to engineers & construction industry
= guitable for repair of damage

" jacket can encapsulate members & joints providing
structural continuity

= multiple effects on stiffness, flexural/shear
resistance, deformation capacity, anchorage &
continuity of reinforcement

« But, “intrusive” method:
— Evacuation of building
— Increased workmanship
— Environmentally hostile (debris, etc)
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Force (KN)
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retrofitting —
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Conclusions — Conventional retrofitting

* Columns with smooth bars — hooked ends

— no appreciable effect of lapping length on response
of jacketed columns

— deformation capacity enhancement (x 3) — drift
levels ~ 5.5% w. or w/o. laps

— rate of post-peak resistance degradation increases
1n spliced specimens
— jacketed pre-damaged cols.: slightly worse behavior
* Columns with ribbed bars — straight ends:

— inadequate splicing length effects removed, except
for very short lapping (15D)

— original specimens (15D, 30D): low drift (1.9%) vs.
2.5 % for adequate (45D) or no lapping

— deformation capacity enhanced by jacketing to 3.8 -
4.7%
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Conclusions — Innovative retrofitting

* Columns with smooth bars — hooked ends

— Increases deformation capacity 2.5 times — drift
range 4.7-7% at conventional “failure”

— no systematic effect of # of layers & length of FRP

* Columns with ribbed bars — straight ends:

— splicing : large effect on deformation capacity (for <
45D)

— original columns : low drift (1.9%) vs. 2.5 % for
adequate or no lapping

— 5 CFRP layers are more effective than 2 — not
proportionately

— lowest limit of lap for improvement of behavior
through FRP wrapping: > 30D

— adverse effects of lap length as short as 15D cannot
be fully removed by either 2 or 5 CFRP layers



Reinforcement Corrosion

Detrimental effects of corrosion:
 Decreases member resistance
 Reduces bond and anchorage
* Favours buckling

* Reduces bar ductility

Examine ductility enhancement issues
(confinement of compression zone)

In lab: Accelerated corrosion process

Fiber Material No. of FRP

layers

State Test Direction
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Bending along strong axis
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Bending along weak axis
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Conclusions

* Bending along Strong Axis : bar fracture

—increase 1n deformation capacity:
* Corroded + FRP = 50%

* Non-corroded + FRP - 130%.
* Bending along Weak Axis — no bar fracture

—increase 1n deformation capacity:
* Corroded + FRP = 35%

* Non-corroded + FRP =2 80%

+ A gross ratio in terms of effectiveness :
2CFRP layers - 5GFRP layers
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| . Retrofitting RC & masonry infilled RC
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Structural asymmetry in plan
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Innovative retrofitting
Carbon Fiber Reinforced Polymers — CFRP

« Excitation level
0.3g

* Ground story: 3.6%
&1.8% drift

* Top story: 3.9%
&1.9% drift
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Grid: operihining 7mm, roving 3mm (£f=3800 Mpa,)
5 layers with 2mm mortar in-between

Structure sustained drifts of 3% no loss of lateral load
capacity
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Structural asymmetry in elevation

Soff't storey ’

Peak drifts, soft-side columns,
oground storey: 4.2% and 2% in

orthogonal direction
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Retrofitting via bay RC-infilling

* RC 1nfilling
* Include boundary columns - beams
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Construction issues

- Extensive drilling

Foundation 1ssues
* Concreting

Anchoring horizontal bars
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Past research results - Open issues

* Structures tested with one/two storeys,
with low shear span ratio - shear
dominated response

* Small thickness of web infill -2 prone
In diagonal compression failure

* No consideration of the interaction with
the rest structure

* Can monolithicity be achieved in a
more practical & economical way ?
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Connection to frame

Design satistfying EC8 — fib Model Code 2010

Design shear forces : Vg =¢ « V.

[
| P

N 2

+0,1 [ > (TC')

€ =q- |I

%,

i Rd . *ur
qg M.,

F _Fﬁmat ’ kA ifcf_:} / [ —74dbwﬂﬂ'db+

dpw
Fpax = Fﬁ,mule - (E) — Fl],max\jl - (;d)

Two approaches for the connection:

=q

— A : Wall reinforcement spliced with equal diameter anchors.
Additionally, one row of dowels 1s placed to resist shear

— B : One row of bars (dowels + anchors) along mid-width at
centers of % of the wall reinforcement spacing
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Scheme A

- Dowels (16mm,130+130mm)
 Anchors (10/8 mm, 130+590mm)

8

0.1300 0.1300 0.0550



Scheme B

16mm bars acting both as

dowels & anchors

Embedment length
130+590mm
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Test structure — Prototype

T

I Illfl':_:_:_"

| pmuEn .
N .
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®12 1
= : > | ¢ Non-ductile frame
15%% ]% 15 g ¢ Concrete: C16/20
[ = * Reinforcing Steel: S400,
- 400 - L. J| | 8220
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Hybrid testing method
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Specimens
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Model mass (%)

Part. Factor

Period (sec)
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* 96 acquisition channels

13 network cameras

Photogrammetry at ground floor
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Specimen SW1: Cyclic test

* Yielding at the base — concrete spalling on the
exterior side of lap-splices

* Cracking along tip of dowels at the base

|

2507 ~ -
|

200~ - -
|

lap-splice failure



Specimen SW1: repair

Cracks filled with epoxy
under pressure
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Specimen SW1: hybrid test, 0.25¢g
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Specimen SW1: hybrid test

« Flexure-dominated failure

* Monolithic response — minor slippage at interfaces

100 T e e -
: : — 4th floor

75 | mm——— 3rd floor |
2nd floor
50 _| === Ist floor

Displacement (mm)
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Specimen SW2

* Results of SW1: symmetric response, with
sliding being higher at sides with scheme-B

SW2: only scheme-B

1st :316/85, 2nd :(516/130
3rd 4th floor: no connection
CFRP jacket applied before
test
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* Lap-splice failure at base of 2 floor columns

* Longitudinal crack at mid-height of 274 floor
base beam

SW2

k

1] ]
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Specimen SW3

* Only 2cheme B applied
* Further reduction in dowels:
—1%': ©314/130,
27 2112/130
— 3™ 4™ floor: no connection

- FRP jacket at base
test




SW3 - hybrid test (run 1)
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SW3 - hybrid test (run 3)
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Nonlinear dynamic analyses via OpenSees
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Conclusions

* The presence of lap at the base is decisive
* Retrofitting lap-splicing 2 2 layers of CFRP suffices

- Minor slippage at interface observed (higher for

scheme B) 2 monolithic behavior under both schemes

* Dowels for web-frame connection in shear can
successfully play also the role of starter bars for the
web reinforcement, yielding a construction—wise

feasible and economic solution

- EN1998—Part 3 provisions may be, judiciously, applied
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Retrofitting masonry-infilled RC structures




Cyclic test
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Excitation:

Triangular force
distribution

Instrumentation:

72 Potensiometers

24 Strain gages

3 Heidenhain sensors

Telepresence:
11 net cameras

Synchronous data
measurements

L ®

®
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1st floor:
 Formation of

diagonal struts in
both directions

* Crushing of bricks

« Shear failure of the

east column on the
top (below the joint) §

274 floor — minor
: . diagonal cracks

3rd floor — no damage

P
|

.
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w2
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TRM-connection to frame
p

e N
Glass or Carbon Fiber

Textile in combination
with Cementitious
Mortar

IU-'I . Investigation of the effectiveness of the technique
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Activity

* New technologies- New control

Algorithms

structures [ laberatory
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New Control Algorithms

Issues to be resolved when testing very stiff structures:

high level of forces for minimal displacement
Increments

Ideally : tests under force control — problems with
control (Jow P values)

Problem : algorithms for hybrid simulation yield
displacements

First approach : ad—hoc system

sampling that is much slower (1 or 2 ),

— The actuators use the force as feedback at the usual 2ms of the
controller (continuous PsD)
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Dual Control Mode strategy
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DCM applied for hybrid simulation
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Tele-presence

. Test Structure

‘@> Network
Camera .
_ Data Acquisition Controller

Virtual Network
1 >
B Data Bl Telepresence

"-‘f“* Collector =1 Server

Telepresence

I ~
<—==" Client
g & i Q Interne’g

>
Lab.. Network

u laberatory
RSITY OF PATRAS
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File  Control

Wiew Window  Help

e L% J(oe )=t ]

103 [zoh

B

[ zo00-09-24 15:41:30.617 EEST |

a4

2009-09-24 17:31:20.471 EEST

&,

Q'-I ,—
E}Eb AxisSource 206_1

lapt video.jpa
(= [ AxisSource 206_2

[#-[] AxisSource 206_3
() AxisSource 206_4
[ ) AxisSource 206 5
[=h-[= AxisSource 206_6
: @ videa.jpg
[ AxisSource 206 7
[=H (= AxisSource 206_8
i E video.jpg
== AxisSource 206_9
i pt Wide0.jpg
[ [ AxisSource 206_10
[ 1
=[5 AxisSource 206_11
i3 @ viden.jpg
[E-(]) AxisSource 206_12
[=h [ Axissource 213 PTZ
: @ videa.jpg
[ Disp_H1
== Disp_HZ
- [si4 6.MEASUREZ, Disp-H
[#-[ 7] Disp_H3
(= [ Disp_H4
- [iih 6. MEASURE#,Disp-H
[#-[ 7] Forcel
-7 Forcez
-0 Force3
[=[= Forced

o1y 6. MEASURE4 Farcel

Axis Source
206_10/video.jpg

JPEG Inages

16:45 17:00 1715

Disp_H2/6.MEASUREZ. Disp-H (Lnk

Begins Thursday, September

1730 1745 18:00
Time

18:15 18350

24, 2009 5:08.39.179 PM
Lasts 19h

| Event Marker Panel

16h

2009-09-24 19:08:04.416 EEST

2883

[
===

Forced/6 MEASURE4 Forcel (Unkn
5 3

ol

00 75 50 25 0 25 50 75
Disp_H4/6 MEASURE4.Disp-H (Unknown}

100

annatation




Activity




STRULAB

laberatory

ctures

stru

oF PaTrAS

,q_..,.
Urniiversity

I

ENGINEERING DEPT

Civiv

Rubber Bearings
Lead Rubber Bearings
RB + Damper
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Bridge structure

12-span highway bridge, 38m spans
5 PC — PS girders per span, supported on ERBs

[ | e s— - o ee— O —
If I I n n
L — ] e— ] e— Y ——— )] — — R —
m m m I I m



Simplified model

Plain EBRs: D=350mm,
77mm (rubber), 36mm (steel)

Model Parameter Per 10 bearings

(prototype)
m Pier stiffness (longitudinal) K, 2200 MN/m
3 3 Pier stiffness (transverse) K, 13600 MN/m
E' Deck mass 917000 kg
IUTI Pier mass 430300 kg

Per pair of bearings
(numerical model)

440 MN/m
2720 MN/m

183400 kg
58200 kg (effective)




Test setup
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Testing procedure

* Continuous PsD approach: time scale factor

P laboratory time N - At
prototype time AT

* Smooth command & filtering
- Tests run at different A factors (“speeds”)

- Strain rate compensation (correction) force

FSRAdd — FO 'Fmeas +DO * Umeas +F1 'Fmeas +D1 " Umeas

structures | laberatory
CiviL Encineering oert | UnNIvVeRsITY oF PATRAS
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Characterization testing

100
30
EBO
540
‘%20 B
S0 n . . AT
%—20 v®
=40
-60 ﬁ
30
'100 T T T T T
0 5 10 15 20 25 30
Time (s)
Characterization test series
Correction A=10 A=10 A=10 A=100
Parameter (4 param.) (2 param.) (1 param.) (4 param.)
Fo 0.2003 0.1368 0.0852 0.2757
F, -0.0022 N/A N/A -0.0019
D, -0.3483 -0.1573 N/A -0.3692
D, -0.0023 N/A N/A -0.0013
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Force (kN)

Lamda=1

(Lamda=10) Corrected

(Lamda=100) Correctec
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Displacement (mm)



Test PD10 (A=10)

Corrected

T T TLoad Cell

Strain-Rate Device Additional

Time (s)

(N>1) @104
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Isolator & Additional Damping

« Different compensation to the force on rubber bearing and
to that of the damper

Il ':l-' . e ! ?._ ;\:"4' i 'r u
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'_ Electromagnetic B
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Activity

‘ * Geographically distributed

testing
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Distributed Testing

— Exchange—SSI (Marie—Curie) project

— U.Illino1s, U.Toronto, U.Thessaloniki, U.Naples

— SSI problems

— Sub-structuring via UI-SIMCOR (on TCP-IP protocol)
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imulation Configuration

Hybrid S

OpenSees
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Scheme A for distributed testing

Main Routine

Disp.

h

Simulation Coordinator
Object 1 of MDL_RF class

o
Force

Static Equilibrium
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AASASS
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Scheme B for distributed testing

Courtesy: Prof. O-S. Kwon

Command LLJ Univ. of Toronto
< Analysis Result NICA & Opensees
a
o~ Displacement feedback
O l Force feedback PID Control Loop
( ) v | v |
C d 2l NI % c
ST NICON | O | ComactDAQ & MTS MTS = Specimen
Measurement > < | Controller | | Actuator @ <
U) I 4
. 1 =
D) y  Analog target disp to
actuator

Analog measured
force — disp from
actuator
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« NICON: Network Interface for Controllers

— Network interface application for generic controllers

— Communication through voltage command signal
NCOH koo ert ot P W W

e Edit View Project Operate Tools Window Help
|q>|@| @EH 15pt Dialog Font v ||;m||.”u:v||ﬁv||t'§'h|

—

NICON - Network Interface for Controllers

University of Toronto

Actuator Stroke
. S
A0 75 500 25 0 25 5 75 100

Allow Offset

Reset Displacement Origin Displacement Offset 0

JDl'sabIed

Reset Farce Origin Force Offset 0

Previous Target Disp 0

Current Command Disp 0

Manual @ Auto Displacement Limit 5tatus

Farce Limit status
Current Target Disp |0 Execute
Current Measured Disp |0 Target CMD Cancel i
Ramp Generation Control On/Off

RampMode Ramp (ms) Hold (ms) Analog I/0 update rate (ms) 0
0 0 Analog /0 logging rate (ms) |0
Lingar
j velocity required
0 Control .

Courtesy: Prof. O-S. Kwon
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Project: SERIES

CERIES

Latest News
Cyclie test of three-starey masonry-
ANSRuop Telepresence infiled RC frame
Non-near dynamic analysis of Colaborative decisicn-making
structural response on testing acthites Hybeid testing 8t Strulaby
Paaudo-dynamic distributed
between UPAT and UNITN
The L WA in 1891 as one of the axperimental facities of the ::;BI{': :!’“';:“;IMH s e
Department of Chvil Engineering of the University of Patras. In 2001 the lab was moved mto a new |
Building with unique ~the lab atil & of tha largest in Europa and Intarnational Workshop *Eanhquake
the largest and better squipped in Grescs. Engineering Research
Infrastructures”
This experimental facility focuses on testing engineering structures and comprises a strong floor and two
strong walls. The system of the strong flocr-reaction walle ks used for cyclic or hybrid (pseudo-dynamic) New testing campaign on textis-
testing of q ind P L, or emall structures, Its varsatile configuration reinforcad-monar [TRM) retrofittad
may be usad for a variaty of ather tast configurations of structures, masonry infiled frames
The lab is equipped with an ensemble of seven servehydraulic acturators controlled by & state-of-the-ar Presentation of past and recent
digital control system and completed with & 126-channel data acquistion system. Pumps and additional activities now avalable

accumulator units provide the power for tests ranging from quask-static to dynamic ones. P
"

More on Structures Lab:
strulab.civil.upatras.gr
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