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Seismic Performance of strong non-ductile v weak but ductile 
concrete structures under different levels (A to F) of seismic loading

(from fib Bull. 24)
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Strategies for Seismic Retrofitting
(from fib Bull. 24)

Strategies for Seismic Retrofitting
(from fib Bull. 24)

Increase deformation 
capacity of components

Increase global stiffness
to reduce deformation 
demand on components:
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Prime technique to increase deformation capacity (but 
not stiffness) of RC members

� Wrap unidirectional Fibre-Reinforced Polymers (FRPs) around 
member ends
� Can increase also shear (but not flexural) resistance by applying 
bi-directional FRP all along the member
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FRP Wrapping - Continuous bars
• MR, My: Enhanced by FRP (by ~5% w.r.to calculated w/o FRP)

– EC8-Part 3: increase neglected. 
• Pre-yield (elastic) stiffness EIeff: unaffected by FRP; pre-damage: 25% drop
• Flexure-controlled ultimate chord rotation, � u:

� EC8-Part 3: FRP adds � f� fff,e/fc to confinement term (exponent of 25):
– � f=2tf/bw : FRP ratio // direction of loading;
– ff,e: FRP effective strength:

fu,f, Ef : FRP tensile strength & Modulus; 
� u,f: FRP limit strain. CFRP/AFRP � u,f=1.5%; GFRP � u,f=2%

– confinement effectiveness:
b, h: sides of X-section; R: radius at corner

� Improvement over EC8-Part 3: FRP enhances confinement by: � f� fff,e/fc

� u,f: FRP limit strain: � u,f=1.5%
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Rectangular section w/ longitudinal bars lap-spliced over l o in plastic 
hinge:

• Compression reinforcement counts as double.

• For yield properties My, � y , � y: fy of tension steel multiplied x lo/loy,min if 
lo<loy,min=(0.2fy/� fc)db

• For ultimate chord rotation � um=� y+� pl
um: � pl

um calculated on the basis 
of confinement by the stirrups alone, multiplied x lo/lou,min if 
lo<lou,min=dbfy/[(1.05+14.5� rs� f ff,e/fc)� fc],
– fc in MPa, � f=2tf/bw: FRP ratio, ff,e: effective FRP strength in MPa, 

– � rs=4/ntot (ntot : total lap-spliced bars, only the 4 corner ones 
restrained).

FRP Jackets (not continued/anchored in joint): EC8-3
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FRP Jackets for shear

• EC8-Part 3: Shear resistance of FRP jacket: 

Vj= 0.5� f bwz fu,f

contributes to shear resistance of RC member as controlled by 
diagonal tension, calculated with a 45o strut inclination.

– � f : FRP ratio, � f = 2tf/bw;

– fu,f : FRP tensile strength;

– z : internal lever arm. 

• Total shear resistance of retrofitted member as controlled by diagonal 
tension, cannot exceed shear resistance of old RC member as 
controlled by web crushing, calculated with 45o strut inclination.

Concrete JacketsConcrete Jackets
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Concrete Jackets
• Simple & familiar technology. 
• Suitable for damaged members or w/ corroded bars.
• Can encapsulate existing member and joints and provide 

structural continuity into and across joints. 
• Multiple effects: increase stiffness (to reduce global seismic 

displacement and deformation demands) and enhance 
force and deformation capacities of jacketed member. The 
only means to improve at the same time:
– stiffness, 
– shear strength, 
– deformation capacity, 
– anchorage/continuity of bars in anchorage or splicing zones, 
– moment resistance, 
– shear strength & bond in joints through which the jacket continues,
– protection of the old bars from (further) corrosion.

Concrete Jackets (continued/anchored in joint) EC-3
Calculation assumptions:
• Full composite action of jacket & old concrete assumed (jacketed member: 

monolithic”), even for minimal shear connection at interface (roughened interface,
steel dowels epoxied into old concrete: useful but not essential);

• fc of “monolithic member”= that of the jacket (avoid large differences in old & new fc)
• Axial load considered to act on full, composite section;
• Longitudinal reinforcement of jacketed column: mainly that of the jacket. Vertical 

bars of old column considered at actual location between tension & compression 
bars of composite member (~ “web” longitudinal reinforcement), with its own fy;

• Only the transverse reinforcement of the jacket considered for confinement;
• For shear resistance, the old transverse reinforcement taken into account only in 

walls, if anchored in the (new) boundary elements.
Then:
� MR & My of jacketed member: ~100% of
� Pre-yield (elastic) stiffness of jacketed member ~95% of
� Shear resistance of jacketed member: ~90%     of
� Flexure-controlled ultimate deformation � u: ~100%     of

those of “monolithic member” calculated w/ assumptions above.

Concrete Jackets w/ bars not continued/anchored in joint:
Jacket considered only to confine the full old section.



6

Steel JacketsSteel Jackets

Jacket stops ahead of joint (several mm gap to joint face)
• Flexural resistance, pre-yield (elastic) stiffness & flexure-

controlled ultimate deformation of RC member : not 
enhanced by jacket (flexural deformation capacity ~same as 
in old member inside jacket, no benefit from confinement);

• 50% of shear resistance of steel jacket, Vj=Ajfyjh, can be 
relied upon for shear resistance of retrofitted member 
(suppression of shear failure before or after flexural 
yielding);

• Lap-splice clamping effected via friction mechanism at 
jacket-member interface, if jacket extends to ~1.5 times 
splice length and is bolt-anchored to member at end of 
splice region & ~1/3 its height from joint face (anchor bolts 
at third-point of side)

Steel Jackets (not continued/anchored in joint): EC-3
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Addition of new concrete walls:
• Most effective for the reduction of deformation demands in the rest of 

the structure & avoidance of member strengthening.

• Often by filling bay of existing frame, encapsulating its beams & 
columns.

• “Collector elements” may need to be provided for the transfer of inertia 
forces from floors to the new wall.

Added walls
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Wall added between columns Wall added around column

Most serious problem of added walls:
Foundation (transfer of large M with low N, w/o large uplift & 
base rotation that may invalidate role of wall).

Possible Solutions:
– Large & heavy footing, 

encapsulating those of 
neighbouring vertical
elements.

– Connection to other 
footings via strong & 
stiff tie-beams.

– Micropiles or tie-downs
to soil.

Uplift of footing of new walls should be modelled in nonlinear analysis
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Parametric study: 5- storey RC frame w/ 5m bays retrofitted 
by converting central bay of exterior frames to she ar walls

• Model of wall:
– Point-hinge 

model, w/ rotation 
w.r.to neutral axis 
(not w.r.to wall 
section centroid) 
� uplift of section 
centroid due to 
rotation.

• Model of 
foundation:
– Nonlinear uplift of 

wall footing.

Uplifting footing: Plastic hinges & deformed structure at 
failure of several beams
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Pushover analyses of retrofitted frame.
Parameters: Model used & size of footing (no tie-beams)
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Pushover analyses of retrofitted frame.
Parameter: tie-beams (footing: 7.5x3x1m; Gs=50MPa)
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CONCLUSIONS of parametric study of 5-storey RC fram e 
building retrofitted by conversion of central bay o f 

exterior frames to shear walls
• New wall: very effective for strengthening the RC 

frame building.

• Effectiveness grossly overestimated, if wall rotation 
assumed w.r.to centroid of X-section and not w.r.to
neutral axis and/or if uplift of footing is neglected.

• If the footing is heavy enough to prevent uplift prior to 
wall yielding: it is equivalent to wall fixity at the base.

• Normal-size footing w/o tie-beams: moderate 
effectiveness.

• Normal-size footing w/ tie-beams of moderate size: 
~equivalent to wall fixity at the base.

Example: Repair & seismic 
retrofitting of 3-storey 
building with heavily 
corroded reinforcement
(by UPatras, Struct. Lab)
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Framing Plan: Top: as- built; Bottom: strengthened w/ new 
walls (in pushover analysis, diaphragms modelled as flexible)

Foundation: Top: as-built; Bottom: w/ footings of ne w 
walls (modelled in pushover analysis w/ nonlinear uplifting)
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X-section of new wall w/ detail of 
boundary element encapsulating 
end of existing cross-wall

New wall footing 
encapsulating old ones
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Construction of new wall and footing

Steel-ties at floor 
levels as “collector 
elements” for the 

new walls
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Steel-ties at floor 
levels as “collector 
elements” for the 

new walls

Shotcrete jackets every 2nd perimeter column 
against the in-plane flexure of floor diaphragms 
due to transverse EQ
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Shotcrete
jackets every 
2nd perimeter 

column

Another example 
w/ a novel idea for 
the foundation of 
added walls (by 
T.Tsiknias & 
Assoc.):
Replace wall in 
bottom storey by 
inverted-V 
(chervon) bracing,
connected to 
existing footings.
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PRE-TEST NONLINEAR DYNAMIC ANALYSIS OF TORSIONALLY 
IMBALANCED 3-STOREY FULL-SCALE BUILDING,

PsD-TESTED AT JRC-ISPRA UNDER BIDIRECTIONAL MOTION. 

MODELLING, MEMBER STIFFNESS, RESISTANCE & ULTIMATE 
DEFORMATIONS ACCORDING TO EC8-PART 3 (by UPatras, 

Structures Lab) 

STRUCTURE TESTED BEFORE RETROFITTING (Jan. 2004) & AFTER 
REPAIR & RETROFITTING (Sept. 2004, March 2005)

SPEAR building retrofittingSPEAR building retrofitting

TORSIONALLY UNBALANCED 3TORSIONALLY UNBALANCED 3 --STOREY SPEAR TEST BUILDINGSTOREY SPEAR TEST BUILDING
• Representative of buildings of the 60’s in Greece w/o engineered EQ-resistance

– eccentric beam-column connections
– smooth/hooked bars lap-spliced at floor levels 
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Analysis of frame response & assessment of its 
performance w/ models accepted/proposed by EN 1998-3

• Nonlinear dynamic analysis: 
– columns fixed at foundation level
– finite size of beam-column joints
– P-� effects in columns
– Members:

1. Point-hinge model;
2. (simplified) Takeda model (bilinear envelope, no strength degradation);
3. Elastic stiffness EI = MyLs/3� y: secant at yielding in skew-symmetric bending;
4. Flexure-controlled ultimate chord rotation (mean capacity);
5. Shear resistance as reduced by post-yield cyclic deformations.
3.-5. w/ modifications due to: 
� poor detailing of unretrofitted columns (including splicing of smooth/hooked bars);
� FRP-wrapping or RC jacketing of columns.

• Performance evaluated in terms of chord rotation demand-to-capacity 
(damage) ratio: 
– At “ultimate deformation” of the member (: resistance becomes < 

80% of peak resistance) Demand-to-capacity (damage) ratio = 1.

PsD
test at 
0.15g 
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Unretrofitted frame, 0.15g: t-histories of hor. displacements & twist at 
CM, floors 2 & 3 (continuous line: pre-test calculations; dotted line: test)

:post-ultimate strength degradation � real T �: initial T overestimated by secant-to-yield stiffness 

X-displacement

Y-displacement

Twist (rad)

Column & beam demand-to-capacity (damage) ratio:
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FRP-retrofitting of frame: Analysis of response & 
performance evaluation according to EC8-Part 3

• Ends of all 0.25m-square columns in all 3 storeys wrapped 
with 2 layers of uni-directional GFRP over 0.6m from face 
of joint, for confinement.

• Full-height wrapping of large (0.25x0.75 m) column with 2 
layers of bi-directional Glass FRP for confinement & shear 
strengthening.

• 2 layers of bi-directional Glass FRP applied on (two) 
exterior faces of corner joints for shear strengthening (also 
over end of adjacent beams); no continuity w/ FRP 
wrapping of member ends.

• Retrofitted frame re-tested (at PGA of 0.2g or 0.3g). 
• Pre-test analysis of response to 0.2g bidirectional motions, 

with modelling assumptions & evaluation criteria (including 
the FRP-wrapped members) according to EC8-Part 3. 

FRP-retrofitting of f rame
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PsD
test w/ 
FRPs

at 0.2g 

FRP-retrofitted frame, 0.2g: t-histories of hor. displacements & twist at 
CM, floors 2 & 3 (continuous line: pre-test calculations; dotted line: test)

Y-displacement

:post-ultimate strength degradation � real T �

Twist (rad)

X-displacement

Y-displacement

:post-ultimate strength degradation � real T �
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FRP-retrofitted 
frame, 0.2g: 
Predicted 
column & 
beam demand-
to-capacity 
(damage) ratio

Concrete -jacket retrofitting of f rame: Analysis of 
response & performance evaluation per EN1998-3

• RC jacketing of the 
central columns on 
two adjacent flexible 
sides from 250mm- to 
400mm-square, w/ 3 
16mm bars along 
each side & a 10mm 
perimeter tie @ 
100mm centres.  

• FRP wrapping of all 
columns removed.

• Retrofitted frame 
retested at PGA of 
0.2g or 0.3g. 

• Pre-test analysis of 
response to 0.2g 
bidirectional motion w/ 
the modeling 
assumptions & 
evaluation criteria 
(including the RC-
jackets) in EN1998-3. 
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Concrete -jacketed frame, 0.2g: t-histories of hor. displacement & twist 
at CM, floors 2 & 3 (continuous line: pre-test prediction; dotted line: test)

:post-ultimate strength degradation � real T �

X-displacement

Twist (rad)

Y-displacement

Concrete-jacketed frame, 0.2g: member demand-to-capacity (damage) ratio
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Conclusions of Case Study oF SPEAR test frame
• With the member models & deformation properties given in 

EC8-Part 3, displacement response history in 3D and 
extent & location of damage in unretrofitted, FRP-retrofitted
or RC-jacketed test frame predicted fairly well till ultimate 
deformation of most distressed members, notwithstanding:

– poor member detailing: 
• eccentric beam-column connections
• lap- splicing of smooth/hooked bars; 

– bi-directional motion with evolutionary frequency content
• (low-amplitude long-period part of input at ~12s � resonance);

– strongly torsional response.

• Targeted RC jacketing of few columns to eliminate 
torsional imbalance: much less effective globally than FRP 
wrapping of all column ends.

SEISMIC ASSESSEMENT & SEISMIC ASSESSEMENT & RETROFITTING RETROFITTING OF OF 
““ KEFALOSKEFALOS ”” THEATRE IN KEPHALONIA THEATRE IN KEPHALONIA 

ACCORDING TO EACCORDING TO ECC 88 Part 3Part 3)
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(a)  

(b) 

Expansion joint separates building into two independent parts 
(“Stage” & “Theatre”), both very irregular in plan and elevation

Framing plan: Roof level

(c) 
 

(d) 
 

Framing plan: Ground floor
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Eccentricities between 
Centre of Mass (CM) & 
Centres of Rigidity (CR) 
or Strength (CV) Twist 
(CT) in both parts of the 
building, induce torsional 
response & pounding of 
the two parts at the 
expansion joint 

CM CT

CReffective

CRuncrackedCV

CM

CT
CReffective

CRuncrackedCV

CM CT CReffective

CRuncracked

CV
CM

CT CReffective

CRuncracked

CV

CM
CT CReffective

CRuncracked

CV

CM
CT

CReffective

CRuncracked

CV

Demand-
capacity ratios 
in shear of 
“Stage” part; 
mean values 
from nonlinear 
analyses 
under 56 
bidirectional 
ground 
motions 
conforming to 
EC8 Soil C 
spectrum at 
PGA=0.1g
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Demand-capacity ratios in shear of “Theatre” part; mean values from nonlinear analyses 
under 56 bidirectional ground motions conforming to EC8 Soil C spectrum at PGA=0.1g

Strengthening of “ Stage” part
1. RC-jacketing of  perimeter walls 
(also due to bar corrosion).

2. Two bays infilled w/ new RC 
walls, from foundation to rooftop. 

3. “Stage” stitched together w/ 
“Theatre” part across the joint into 
single structural unit (to prevent 
torsional response & pounding) via 
RC jackets straddling joint at the 
two sides, steel rods connecting 
interior walls across the joint & RC 
belt straddling joint at the roof. 
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Strengthening “ Theatre ” part
1. RC-jacketing of  perimeter walls 
(also due to bar corrosion).

2. “Theatre” stitched together w/ 
“Stage” part across the joint into single 
structural unit, via RC jackets straddling 
joint at the two sides, RC belt straddling 
joint at the roof & steel rods connecting 
interior RC walls across the joint. 

Two bays infilled w/ 
new RC walls

RC jackets straddling joint at the sides to stitch 
“Stage” w/ “Theatre” across joint

RC-jackets of  perimeter walls
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Demand-capacity ratios in flexure at Near Collapse Limit State: beams
in building strengthened only w/ RC, at PGA=0.36g

Demand-capacity ratios in flexure at Near Collapse Limit State: vertical 
members of building strengthened only w/ RC , at PGA=0.36g
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Demand-capacity ratios in shear - vertical members of building 
strengthened only w/ RC (before FRP strengthening), at PGA = 0.36g

One-sided CFRPs at shear- deficient walls (RC jackets unfeasible)

(c) 
 

(d) 
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T37

0.35m

4    Leveling via 
      non-shrinking mortar

2     Plaster removed

8    Sand sprayed on fresh 
      FRP resin -  Plastering

7    Stainless steel strap fastened to wall
      via 10mm anchor bolts every 0.70m
      (at free space between FRP sheets)

3     Wall corners  rounded 
at 2cm radius

6   Stainless steel strap 
     40x10mm clamping 
     FRP sheets

1   Demolition of vertical 
     portion of infill wall 

5    Two 0.6m-wide FRP sheets every 0.70m
      Total thickness of FRP sheet 0.4mm minimum

7    Fastening of stainless steel strap to wall
      via 10mm anchor bolts every 0.70m
      (at free space between FRP sheets)

Four 1.6m -wide interior walls strengthened in shear w/ one -
sided CFRP - Total thickness of Carbon fibre sheets: 0.4-0.5mm

T39

4   Six FRP sheets between K39-K49
     FRP sheets: 0.60m-wide 
     and 0.4mm thick (total)
     No vertical space between sheets
     Sand sprayed on external epoxy surface
     while fresh

K39 � 49

2    Surface leveling via 
      non-shrinking mortar 

6   New plaster

FRP sheet

Detail A -  Anchorage (front view)

FRP spike anchor

0.10m

0.10m

holes
D10

1   Plaster removed

3    0.10m-deep horizontal holes 
      drilled at 0.10m-centers for FRP spike anchors

3    0.10m-deep horizontal holes 
      drilled at 0.10m-centers for FRP spike anchors

5    FRP spike anchors placed 
      in epoxy-grouted holes 
      at 0.10m-centers  vertically, 
      to anchor FRP sheets

5    FRP spike anchors placed 
      in epoxy-grouted holes 
      at 0.10m-centers  vertically, 
     to anchor FRP sheets

Two 3.5m -wide fa çade walls strengthened in shear w/ one -sided 
CFRP - Three Carbon fibre sheets (total thickness 0.4 mm)
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Budget figures Budget figures (euros(euros)
• Total cost (including removal & replacement of wall 

& floor finishings, re-painting, etc.): 160,000

Thank you!Thank you!


