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Background to the European seismic design provisions 
for retrofitting RC elements using FRP materials

This paper is a comprehensive background document on the 
state of the art in European seismic design provisions which was 
assembled by fib committee 5.1 to support the development of 
design guidelines regarding the use of externally applied fibre re-
inforced polymer (FRP) materials in the seismic retrofitting of re-
inforced concrete structures. In the context of developing design 
guidelines, the underlying mechanistic models that support the 
derivation of provisions were assembled following critical evalu-
ation of the existing proposals and with careful reference to the 
experimental evidence available, the comparative assessment of 
past models in the literature and requirements established from 
first principles.
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1 Introduction

Fibre reinforced polymers (FRP) were introduced into 
civil engineering practice in the early 1990s, but they 
only became popular after they became known for their 
effectiveness as a fast remedy when retrofitting damaged 
reinforced concrete and masonry structures in the wake 
of the catastrophic earthquakes at the end of that decade 
(Northridge, 1994, Kocaeli, 1999, Athens, 1999). Since 
that time, extensive research has been undertaken to sup-
port design procedures for retrofits with FRP wraps and 
laminates, leading to several versions of design guidelines 
(ACI 440.2R-08 [1], fib Bulletins 14 [2], 35 [3], etc.). A large 
part of the research effort was directed towards the devel-
opment of confinement models, whereas all other actions 
were primarily considered for static loads (shear and an-
chorage). Earthquake retrofit detailing was hampered by 
the need to address global structural response issues as 
well in order to determine the retrofit priorities, whereas 
the literature on models that could support the develop-
ment of guidelines was already marked by significant 
discord regarding the deformation indices of retrofitted 
behaviour, thus complicating the detailing process.

The aim of this paper is to establish a new-generation 
framework for the design of seismic retrofits using FRP ma-
terials. Following prevailing earthquake and design practice, 
the paper establishes performance-based criteria for global 
and local retrofit requirements so that the rehabilitated 
structure can develop acceptable, repairable levels of dam-
age in a severe earthquake and minimal (limited) levels of 
damage in the frequent event. The aims of FRP retrofit de-
signs are the enhancement of strength and deformation ca-
pacity as well as the mode of failure control of the structure 
and its individual structural members. It is intended that this 
paper should serve as the background for the development 
of European seismic retrofit provisions using FRPs.

2 Global considerations

Structures are damaged during earthquakes when the 
displacement demand exceeds the displacement capacity 
of the individual members for the limit state considered. 
In general, the more localized the demand, the greater the 
severity of damage. These two conditions frequently occur 
in older reinforced concrete structures where system de-
ficiencies in lateral stiffness distribution (e.g. soft storeys) 
are combined with lightly reinforced concrete members 
that possess little or no ductility and a negligible deforma-
tion capacity.

Ample experimental evidence exists to illustrate that 
externally applied FRPs, when used as confining jackets 
on lightly reinforced concrete members, are effective 
measures for increasing ductility and deformation capaci-
ty by suppressing the premature failure modes that usually 
occur in such members in the absence of proper seismic 
detailing. However, it is not possible to effect significant 
changes to the strength – and therefore the translational 
stiffness – of a reinforced concrete member through the 
mere addition of transverse FRP jackets. Strength and 
stiffness both depend on the amount and arrangement of 
primary (i.e. longitudinal) reinforcement. (Shear strength 
is always supposed to exceed flexural strength through 
proper design measures. The response ought to be con-
trolled by flexural strength, which is also analogous to 
stiffness, because of the advantages of ductility secured by 
the yielding of primary reinforcement. As flexural strength 
depends mainly on the yield strength of the longitudinal 
reinforcement and the axial load acting on the member, 
evidently, it cannot be increased through jacketing. If 
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where Ki is the lateral stiffness of the ith floor and DFi is 
the relative displacement that occurs at the ith floor when 
the structure translates laterally according to its funda-
mental mode, assuming a unit displacement at the top 
(thus, DFi is a normalized value). From Eq. (1) it is evident 
that it is more effective to increase Keff by optimizing the 
distribution of DFi than by increasing the individual storey 
stiffness values.

3 Practical implementation of global measures

From the preceding discussion it follows that in practical 
implementation, the displacement demand and the pat-
tern of its distribution may be essential prerequisites for 
the application of a local intervention through the addi-
tion of FRP jackets. The steps in this direction are defined 
in the following subsections.

3.1 Determining whether a global intervention is required 

The issue of whether stiffness additions are needed may be 
addressed easily by estimating the effective translational pe-
riod and corresponding translational mode of the structure 
in the direction of interest. The following criteria apply:
a) Keff should be increased if the effective translational pe-

riod Teff (based on secant to yielding sections analysis) 
is more than 25 % higher than the empirical reference 
value prescribed by EN 1998-1 [16], which estimates 
Tref as

 where Htot is the total building height measured from 
the crest of a box-type rigid basement or otherwise 
from the level of the foundation.

b) Keff should be increased if an inspection of the transla-
tional shape of vibration reveals evidence of localiza-
tion of deformation in a few storeys only, or if there is 
significant discrepancy in ductility demands between 
members that belong to a given floor.

3.2 Target for an improved period estimate Ttrg

For the vast majority of structures, the period after retrofit 
will lie between the milestone values TB and TD of the 
EN 1998-1 [16] type I earthquake design spectra. For this 
period range, the elastic spectral displacement demand 
may be estimated using

At the preliminary stage of calculation it may be assumed 
that this displacement will be increased by about 20 % 
when transferring from the spectrum to the actual struc-
ture. The displacement value may be further increased 
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shear strength is inadequate, a design objective when 
using FRP jackets for retrofits would be to suppress pre-
mature shear failure that could prevent the longitudinal 
reinforcement from developing its full yield capacity. Such 
a measure would ensure that flexural strength will always 
control failure after a jacketing retrofit. Therefore, in such 
a retrofit scenario, the demand side of the design equa-
tion will only depend on the longitudinal reinforcement 
available.) Therefore, rehabilitation of reinforced concrete 
(RC) members with FRP jacketing cannot affect the de-
mand side of the design equation (apart from suppressing 
premature failure modes that might have otherwise con-
trolled the response), whereas it can significantly enhance 
the supply. In this context, retrofitting with FRP jacketing 
is considered to be a local intervention in the seismic re-
habilitation of RC structures.

It should be noted that FRP strips or laminates may 
be added as longitudinal reinforcement along the member 
length – most effectively when used as NSM reinforce-
ment ([4–14]). As the strength and stiffness of the mem-
ber is increased by the addition of the longitudinal FRP 
reinforcement, thus affecting the global characteristics of 
the structure, this technique may be classified as a global 
intervention. Note here that in order to qualify as a global 
intervention for seismic applications, the FRP strips added 
should be anchored adequately beyond the critical cross-
sections where maximum flexural moments (i.e. demand 
for force development in the added reinforcement) are 
expected to occur. Such sections are, for example, at 
the ends of beams and columns and the bases of struc-
tural walls. When this intervention is used in practice, 
it ought to be accompanied with transverse FRP jackets, 
which would be needed in order to supplement the shear 
strength of the member, to prevent buckling of the ad-
ditional longitudinal reinforcement and also to support 
their anchorage.

If on first assessment it is deemed necessary to mod-
erate the demand, too, the retrofit solution should include 
global measures aimed at increasing the effective stiffness 
of the structure Keff. Note that by increasing Keff, the de-
mand may be reduced in two different ways:
a) A higher effective stiffness results in a lower predomi-

nant period tending towards the left in the displace-
ment spectrum, i.e. in the range of lower relative dis-
placements.

b) Through a more uniform distribution of deformation
demand in the structure, which ensures that the magni-
tude of deformation demanded of individual members 
is lowered1.

For seismic response, the effective stiffness is calculated 
from the contribution of the stiffness of the individual 
storeys of the structure by idealizing the structural system 
as a generalized single degree of freedom system that os-
cillates in its fundamental mode of vibration F ([15]). The 
procedure practically evaluates the strain energy stored 
in the system during this vibration through the following 
expression (i.e. work-equivalent stiffness):

1 Note: Definitions of some terms used by structural engi-
neers and not exclusively related to FRP can be found in 
the notation section at the end of this paper.
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riod value from 1.1 s to a Ttrg value closer to 0.572 s. For a 
preset drift ratio limit of 1.25 % and a ductility μθ = 2.5, it 
follows that the corresponding elastic drift limit would be 
μθ = 1.25 %/θdem; thus, θdem = 1.25 %/2.5 = 0.50 % and the 
Ttrg value required is

This may be considered the maximum acceptable value 
for the retrofitted structure, which will be designed with 
a behaviour factor q = μθ = 2.5 and will therefore develop 
significant, but repairable, damage in the design earth-
quake. Selecting lower target values for Ttrg will generally 
lead to less damage and better overall performance. Note 
that for a given structure, the lower the period, the greater 
is the fraction of deformation demand that will be devel-
oped in the beams rather than the columns. Therefore, it 
is a good practice to aim for a lower value for the period, 
as close as possible to Tref; but the downside of this choice 
is increased rehabilitation costs.)

3.3 Target for an improved shape of the fundamental mode

The object of selecting the target shape is to achieve 
an optimum distribution of deformation throughout the 
structure. A number of simple displacement patterns may 
be used as benchmarks for selecting a target shape for the 
fundamental vibration shape when retrofitting an exist-
ing, seismically deficient structure (Fig. 2). The closer to a 
triangular or flexural shape, the greater is the extent of the 
intervention required and thus the associated costs. The 
shear-type shape could serve as an acceptable compro-
mise in lower cost retrofits, where a possible soft storey 
formation may be re-engineered towards this option for 
moderate improvement. The selection of the target re-
sponse shape could be:
– Shear-type response: The shape is approximated by

F(zi) = sin(pzi/(2Htot)), simplified to Fi = sin(p · i/2n) for 
equal storey heights, where n is the total  number of sto-
reys (as in the case of Htot, zi is measured from the crest 
of a box-type basement or from the foundation level to 
the storey of interest; parameters n and Htot have been 
defined in Eqs. (1) and (2)). The tangential drift (dF/dz, 
Fig. 3a) is more moderate on the lower floors above the 
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from the above value if inelasticity occurs. The total aver-
age elastic drift ratio (denoted as θdem for drift demand) 
for the retrofitted structure is approximated by

Based on experience, the target or improved period Ttrg 
of the retrofitted structure may be selected as a value 
between Tref (from Eq. (2)) and the initial Teff. A note of 
caution: the cost of the intervention increases as Ttrg is 
reduced, getting closer to Tref. Alternatively, Ttrg may be 
selected by requiring that the average drift demand θdem 
of the structure (Eq. (4)) will not exceed a preset limit 
value, which after substituting Eq. (3) in Eq. (4) will yield 
the required value for Ttrg. Such preset limit values may be 
0.5 % (for performance limit A: damage limitation, μθ ≈ 1), 
1.25 % (B: repairable damage, μθ = 2.5) or 2 % (C: collapse 
prevention or life safety, μθ > 3.5). It is not advisable to al-
low for μθ > 2.5 for retrofitted structures. (Fig. 1 plots the 
base shear V against the lateral drift ratio of the structure, 
given as a multiple of the value at yielding; the ductility 
factor μθ is the multiplier of θy).

(Example: The effective translational period of a five-sto-
rey structure has been determined as Teff = 1.1 s. The seis-
mic hazard is defined by S = 1.2 (soil class B), TB = 0.15 s, 
TC = 0.5 s, TD = 2 s, ag = 0.2 g, η = 1 (x = 5 %), bo = 2.5, 
H = 15 m. Based on Eq. (2), it is estimated that Tref = 0.572 
s. Thus, global interventions are needed to reduce the pe-

1.2 · (4)S (T)/Hdem d totθ =

Fig. 1. Performance limits

Fig. 2. Lateral displacement profiles: a) shear, b) triangular, c) flexural
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according to Fig. 4a (see red dashed lines). The required 
storey stiffnesses should decrease towards the upper floors 
in accordance with the ratios K2 = 0.93 K1, K3 = 0.80 K1, 
K4 = 0.60 K1, K5 = 0.33 K1 (see Fig. 4d, follow red dashed 
lines), where K1 = first floor stiffness. Thus, through this 
very simple approach, the stiffnesses required to achieve 
the desired pattern of drift distribution and the structural 
period in the retrofit are fully defined. After implementa-
tion, the success of the retrofit design in approaching the 
chosen lateral shape response and target period may be 
evaluated through assessment.)

4 Practical implementation in retrofit design

The procedure described in section 3 enables an estimate 
of the storey stiffness required for a given building (i.e. 
with known distribution of mass) in order to achieve the 
specified target period and fundamental mode of vibration 
characteristics according to the designer’s choice. The last 
step in the procedure involves selecting the global inter-
vention method and the detailing of the actual members 
of the building in order to achieve the stiffness addition 
defined in section 3.4.

Global intervention methods include, but are not 
limited to, the following:
1) Addition of FRP longitudinal reinforcement (NSM or

externally bonded FRP laminates)
2) RC jacketing of selected columns in the building
3) Addition of RC wall elements
4) Addition of steel X-braces
5) Addition of masonry infills (not common in North

America)

Note that FRP jacketing is only pertinent for local inter-
ventions and is not included in the global strategy of the 
retrofit.

The required storey stiffness Ki of the retrofitted 
structure, which comprises cRC RC jacketed columns, w 
RC walls, X spans of X-brace metal pairs, mw masonry 
walls and cf columns strengthened with longitudinal FRP 
laminates (EBR or NSM), is equal to

where:
cRC number of columns retrofitted with RC jackets on a 

single floor

  

(5)
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first storey of the structure. Buildings with this funda-
mental response shape have a natural tendency towards 
damage localization in the lower storeys. Significant 
beam rotation demands and potential plastic hinge for-
mation are only expected on the lower floors.

– Flexural-type response: The trigonometric approxima-
tion for this pattern is F(zi) = 1-cos(p · zi/(2Htot)), sim-
plified to Fi = 1-cos(p · i/2n) for equal storey heights. 
Beam rotations in structures of this type follow the 
distribution of the tangential drift (dF/dz, Fig. 3b), thus 
damage in beam plastic hinge regions is expected to be 
maximum on the upper floors, whereas in the case of 
walls and columns, plastic hinging is expected at the 
base (i = 0, z = 0), consistent with the anticipated maxi-
mum base shear value.

– Triangular response shape: This is described by
F(zi) = zi/Htot, which may be simplified to Fi = i/n for 
equal storey heights equal to hst(n · hst = Htot). It repre-
sents the ideal scenario of a constant interstorey drift 
ratio throughout the height of the structure and the best 
possible case for even damage distribution throughout 
the structure. However, it is difficult to actually achieve 
this in practice.

3.4 Determining the required stiffness

Engineered modification of the fundamental mode of lat-
eral vibration is achieved through a weighted distribution 
of added stiffness over the height of the building. In the 
case of the three benchmark cases (triangular, shear and 
flexural shapes in Fig. 2), the solution is provided in the 
charts of Fig. 4. These charts were derived considering 
a minimum storey height hst = 3 m and unit storey mass 
m = 1 tonne; they can be used to define a target period 
and chosen deflection shape (after the user selects the 
target deflection shape from triangular, shear or flexural). 
Then, using the charts of Fig. 4a, 4b or 4c, the stiffness 
required for the first storey can be obtained directly, along 
with the required distribution of stiffness over the height 
of the retrofitted building. (Using the charts of Fig. 4d, 4e 
or 4f and given the number of floors in the structure, it is 
possible to obtain the required stiffness for all floors as a 
fraction of the first storey stiffness.)

(Example: For a five-storey building with hst  =  3.5 m 
storey height (Htot  =  17.5 m) and a triangular response 
shape selected, a retrofit scenario could be as follows: 
The target period is 0.64 s according to Eq. (2). It follows 
that the required first floor stiffness is K1/m = 1446 kN/m 

 Fig. 3. a) Shear-type and b) flexural-type response floor rotations
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code framework (EN 1998-3, [18]) it is shown that seismic 
safety may be compromised at the design performance 
limit state. For evaluating the structure’s safety and for de-
fining the retrofit objectives, reference is made to verifica-
tion of acceptable limit states as described in the reference 
code document.

Similarly, the seismic hazard considered for the 
retrofit is identical to that used for new designs unless – 
through special provisions – the national standards enable 
a different importance level category to be assigned to the 
retrofitted structure in order to account for a residual ser-
vice life different from the 50-year standard.

Analysis of the retrofitted structure may be carried 
out to check against the established acceptance criteria, 
following the methods of analysis used in the assessment 
procedure.

Material safety factors refer to the FRP materi-
als typically used today (GFRP, CFRP and AFRP with 
strengths ranging from 1500 to 3500 MPa and nominal 
rupture strains from 2.5 down to 1.5 %). For retrofit design 
these are:

w  number of walls added for stiffening the structure in 
the direction of action

X  number of X-brace pairs added on the floor to add 
stiffness in the direction of action

mw number of infill panels added on the floor in the 
direction of action

cf  number of columns strengthened with longitudinal 
FRP strips (externally bonded or NSM)

The contributions of each of these techniques/elements 
to the storey stiffness Ki are listed in Thermou and Panta-
zopoulou [17] and are summarized here for completeness 
in the Appendix. Only the possible contribution of FRP 
to the stiffness terms Kj

f are considered in the following
detailing sections.

5 Detailing of FRP interventions for seismic applications

Seismic retrofitting of RC structures with FRP may be 
carried out in order to upgrade a variety of structural de-
ficiencies if upon assessment according to the established 

Fig. 4. a), b), c): stiffness-to-mass ratio for first storey K1/m vs. period for up to eight-storey frames. To obtain the required K1 values, multiply the ordinate 
with the mass m (in t); d), e), f): floor stiffness ratios ki ( = KiK1) for different lateral deflection shape patterns for frame buildings with two to eight storeys
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mounted FRP strips in the role of primary reinforce-
ment, i.e. by the addition of reinforcement running 
parallel to the longitudinal axis and attached near the 
tension side of the strengthened member.

2) Increasing the member shear capacity by using FRP
material with fibres running orthogonal to the direc-
tion of the axis of the strengthened member.

3) Increasing the ductility of end sections of beams and/
or columns by using FRP material wrapped around the 
member cross-section.

4) Improving the efficiency of lap splices by using FRP
material wrapped around the member cross-section.

5) Delaying the occurrence of buckling of steel longitu-
dinal bars by using FRP material wrapped around the 
member cross-section.

6) Increasing the diagonal tension capacity of beam-col-
umn joints by using FRP material installed with fibres 
located along the line of the principal tensile stresses.

As interventions 2) to 6) listed above cannot significantly 
alter the reference flexural strength and stiffness of the ret-
rofitted member, all these techniques are classified as lo-
cal measures (or local interventions). It is a requirement 
that localized strengthening should not reduce the overall 
ductility of the structure.

In detailing the retrofit solutions, each retrofitted 
member is designed using capacity design principles. To 
secure adequate ductility, flexural yielding should control 
the response of the retrofitted member. So the member 
retrofit details should be proportioned with reference to 
flexural overstrength. The shear force associated with flex-
ural yielding of the member, from the static relationship 
depicted in Fig. 5, is referred to as flexural shear demand 
Vflex.

When considering individual members, case 1) in 
the list of intervention measures is a global measure, effec-
tively increasing Vflex. On the other hand, local strength-
ening schemes for individual linear members, i.e. cases 
2) to 5) above, have relatively little effect on Vflex and
depend on the confining action of the FRP reinforcement. 
Thus, the efficacy of a strengthening scheme in these cases 
depends on the magnitude of the confining pressure. To 
illustrate the procedures for detailing, the role of the FRP 
properties in each resistance mechanism associated with 
the strengthening objectives of individual members listed 
above will be reviewed briefly in the following.

In order to perform the necessary design calcula-
tions and control the occurrence of the modes of failure, 
a static model is envisioned for each member undergo-
ing retrofit as depicted in Fig. 5. In this static model, the 
member develops a constant shear force along its length, 
reaching a maximum flexural moment at the end points of 

a) For existing concrete and steel reinforcement, the
confidence factors are used to divide mean material
strength values depending on the knowledge level at-
tained (EN 1998-3, [18]).

b) For FRP, the material safety factor depends on the
development method of the FRP material and the
member classification (primary or secondary as per
EN 1998-1, [16]) as listed in Table 1.

5.1 Strategies for FRP retrofitting

The FRP material to be used in the retrofit solution 
and its arrangement depend on the overall objectives 
of the retrofit design. A general guideline is to aim for 
a uniform distribution of strength and stiffness among 
members on any given floor in order to minimize the risk 
of disproportionate damage to any single element. (The 
curvature at yielding of a linear RC member is approx. 
φy = 2esy/h, where h = cross-section depth and esy = char-
acteristic yield strain of reinforcing steel. Thus, the chord 
rotation (see definition in section 5.2.1) at yielding is 
θy = 1/6φyH = 1/3esy[H/h], where H/h is the aspect ratio 
of the member (H = member clear height and h = cross-
section depth of member). Therefore, two members having 
very different aspect ratios yield at very different relative 
drift ratios.) The implication is that, during an earthquake, 
for any given magnitude of lateral displacement, members 
with different aspect ratios on a single floor reach very 
different states of damage. The same effect is observed if 
the structure has plan irregularities that cause a torsional 
response. Clearly, major building irregularities cannot 
be eliminated using FRP as a strengthening technique, 
although the addition of FRP strips as longitudinal re-
inforcement can be counted as a global intervention as 
they can be used to increase the strength and stiffness of 
individual members.

Thus, a good strategy is the selective retrofitting of 
members that belong to the lateral load-resisting system in 
order to achieve similar relative drift ratios at yielding and 
also enhance deformation capacity through confinement. 
It is essential to eliminate brittle failure modes through 
FRP jacketing so that the flexural capacity of the member 
may be fully developed and sustained up to the ductility 
level required by the design.

Extensive experimental evidence supports the use 
of FRPs as a pertinent material in seismic retrofitting ap-
plications, particularly for reinforced concrete beams, col-
umns, walls and beam-column connections. FRP retrofit 
schemes that are well documented and support the estab-
lishment of detailing rules include the following solutions:
1) Increasing the flexural stiffness and strength of a linear

member by using externally bonded or near-surface 

Table 1. FRP material redundancy safety factors

FRP is anchored in: Primary member Secondary member

a) Brittle substrate g
f
 = 3 g

f
 = 2.3

b) Fully wrapped FRP layer (i.e. anchorage by lap-splicing
the ends of the layer in a closed jacket)

g
f
 = 1.5 g

f
 = 1.25
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 where Fi is the coordinate of the target response shape 
on the ith floor and DFi = Fi – Fi-1.

– The required curvature ductility at the critical sections
of members on the ith floor may be obtained with rea-
sonable approximation using

2 – 1 (8), ,i iµ µ=φ θ

whereas the maximum compression strain demand for 
the columns ecu,c may be estimated from (KANEPE 
[19]):

2.2 · · · 0.0035 (9)cu,c sy d,maxε µ ε ν= ≥φ

 where νd,max is the maximum axial load ratio of a typical 
column for the seismic combination (defined in section 
6.1)2 and esy is the yield strain of the steel.

5.2.1  Increasing of the local rotational capacity 
of RC members

The deformation capacity of beams and columns may be 
measured through the rotation θ of the end section with 
respect to the line joining the latter with the section of 
zero moment (chord rotation, θi in Fig. 3) at a distance 
equal to the shear span Lν  =  M/V. (In buildings with a 
“shear”-type mode of lateral deflection, this rotation is 
also equal to the ratio of the relative displacement be-
tween the two aforementioned sections to the shear span, 
referred to as relative storey drift ratio; however, if beams 

2 Using the calculated compression strain demands, the 
amount of confining reinforcement required may be ob-
tained from pertinent stress-strain models for FRP-confined 
concrete, which relate the thickness of the FRP jacket to 
the compression strain capacity of the encased concrete.

their deformable length where partial restraint to rotation 
may exist. (For example, during lateral sway, a column is 
considered to develop a maximum moment at its base and 
at its top cross-section at the beam soffit; a beam is con-
sidered to develop maximum moments at its end supports, 
at the face of the columns; a flexural wall is considered to 
develop a maximum moment at the base.)

To implement this step, global displacement de-
mands need to be determined and subsequently converted 
to the local deformation demands of the members to be 
retrofitted through the above scenarios.

5.2  Determining the displacement demand of the individual 
structural members

The global retrofit objectives are defined in terms of target 
fundamental period, target response shape and global be-
haviour factor q.

With reference to Fig. 1, it is recommended that q 
should not exceed 2.5 for ordinary structures (for perfor-
mance limit B: repairable damage q ≈ μθ = 2.5). Higher val-
ues should be avoided if the structure has been designed 
to previous standards or has irregularity on plan or over 
its height. Lower values of q are acceptable.

To illustrate how global considerations of the retrofit 
design may be used to determine local design require-
ments, the following steps are considered:
– The required displacement ductility μD of the structure

may be estimated using

1 · ( – 1)
(6)

q for T T
T
T

q for T T

C

C
C

µ =
>

+ <






∆

 where TC is the end of the plateau of the type I spectrum 
for the design soil conditions (see EN 1998-1 [16]). De-
pending on the target response shape, the displacements 
required at the individual floors of the structure are de-
termined from EN 1998-3 [18]:

Fig. 5. a) Static model used for beam-column elements undergoing lateral sway. b) The cantilever part has the same moment distribution as the swaying 
column over the length from point of contraflexure to face of support. Owing to this similarity, a cantilever member is used to illustrate the concept of shear 
span Lv = H/2 and the relation between shear demand and flexural moment strength V = M/LV. c) Static model for structural walls. The red line defines an 
“equivalent” linear moment diagram to relate shear demand to moment strength V = M/(2/3Htot)
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layers fall within the compression zone of the member, 
then their contribution to strength may be neglected until 
 adequate data exist to corroborate any other design deci-
sion.

Steps for detailing the retrofit: Consider the cross-
section shown in Fig. 6.1: a prismatic cross-section with 
known initial geometry and material properties. The cross-
section carries an average design axial load  NG+0.3Q-E ≤ 
NG+0.3Q ≤ NG+0.3Q+E obtained from the seismic design 
combination. For this axial load, which is referred to as 
the axial load ratio νEd  = NG+0.3Q/(fcdbd) and the longi-
tudinal reinforcement ratios rs1 and rs2, the reference 
flexural strength of the cross-section is Mo

Rd (moment and
axial load are considered to be acting at the centroid of 
the cross-section).

To increase the flexural strength to a required value 
MEd, FRP strips should be either externally bonded or em-
bedded in near-surface grooves in the tension sides of the 
member as shown in Fig. 6.2. The added reinforcement 
may be confined by a transverse jacket (a method that 
ought to be pursued if the shape of the cross-section al-
lows it). Figs. 6.1 and 6.2 depict all possible combinations 
for illustration purposes, i.e. NSM or EBR longitudinal 
laminates, either confined by a transverse jacket (see top 
region in the sections in Fig. 6.1) or left unconfined (see 
bottom region in the sections in Fig. 6.2). The maximum 
allowable stress in the longitudinal FRP depends on the 
chosen arrangement as explained below.

Essential requirements for this type of retrofit are:
a) The extreme layer of embedded longitudinal tension

steel reinforcement should undergo excessive yielding 
at the ultimate limit state (es1,min > eyd).

also participate in the deformation of the storey, then the 
relative drift ratio defined in the preceding far exceeds the 
column rotation due to the rigid body rotation of the base 
as depicted later in Fig. 10.)

The deformation capacity of RC members in the 
plastic range is limited by the failure of compressed con-
crete. FRP confinement increases the ultimate deforma-
tion of compressed concrete and enhances the ductility of 
the strengthened member.

5.2.2 Capacity design criterion

The application of the capacity design criterion (hierarchy 
of resistance) implies the adoption of behaviour mecha-
nisms in the structure such as to prevent by design the 
formation of all potential plastic hinges in the columns. In 
“weak column-strong beam” situations, which are typical 
of structures designed for vertical loads only, columns are 
underdesigned due to the lack of longitudinal reinforce-
ment. In such a case it is deemed necessary to increase the 
column capacity under combined bending and axial load 
towards a “strong column-weak beam” situation.

6 FRP as a means of enhancing strength
6.1  Increasing the flexural strength and stiffness of RC 

members by adding longitudinal FRP reinforcement

The aim of adding FRP strips on the tension side of a 
member parallel to its longitudinal axis is to enhance the 
flexural strength (and hence stiffness) of the member. In 
this capacity, the FRP reinforcement functions as ten-
sion reinforcement; if upon reversal of the load the FRP 

Fig. 6.1. Various types of flexural strengthening of prismatic column/beam cross-section. The red line illustrates the jacket arrangements implied by the 
various values of a1 and a2 in Eq. (10). The yellow line marks the adhesive layer. Clearly, this should not be interpreted as a recommended arrangement of 
the jackets. Wherever possible, the jacket ought to be wrapped fully around the cross section.

Fig. 6.2. Various types of flexural strengthening for T-beam cross-sections secured through the addition of longitudinal NSM or EBR measures. The outer 
solid line illustrates jacket arrangements required to secure the flexural intervention. Owing to the presence of slab longitudinal reinforcement, addition of 
top reinforcement is more rarely needed (see a)); here, it is important to provide transverse top reinforcement to secure the participation of slab reinforce-
ment in beam flexural strength (see dashed line in b))
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– An upper limit for rf is obtained by substituting x = xbal
in the above3.

– For the retrofit to be possible, it is also required that

· 0.85 · ( – ) (13)1 2

f

fbal Ed s s
yd

cd
β ξ ν ρ ρ≥ +

– To find the required area of the FRP layer in order that
the strengthened cross-section has a flexural strength
MRd > MEd in the presence of a design axial load
NEd = νEdbdfcd, the following procedure is used: First,
the sum of moments is considered about the centroid of
the FRP layer:

· ( – ) · (14a)2M M N h y bd fEd,f Ed Ed cg Ed,f cdµ= + =

Note that both MEd,f and the normalized value μEd,f are 
defined with reference to the centroid of the FRP layer 
(this is the significance of the subscript f); MEd,f is calculat-
ed first, given the design values of moment and axial load 
for the retrofitted cross-section. Next, the design value of 
μEd,f is obtained from MEd,f after normalizing with bd2fcd.
This is set equal to the normalized moment of internal 
forces about the same point of reference, given by

0.85 1 – 0.4 –

0.85 1 – 0.4 (14b)

2
2 1

2

2

d
d

d
d

f

f
d
d

Ed,f s s
yd

cd

Ro

µ βξ ξ ρ ρ

βξ ξ µ

= +






+






= +






+

 where μRo only depends on the geometric characteris-
tics of the original cross-section. The FRP layer is calcu-
lated so that the total value for μEd,f meets the strength 
demand of the retrofitted cross-section. For easy refer-
ence, the first term on the right-hand side of Eq. (14b), 
given by

0.85 · · · 1 – 0.4

where, – (14c)

2d
dEd,f

Ed,f Ed,f Ro

µ β ξ ξ

µ µ µ

∆ = +






∆ =

has been tabulated in Table 2 for usual values of (d2/d).

The values in Table 2 were calculated using b = 0.8, which 
corresponds to the ultimate strain in the extreme com-
pressed fibre of the cross-section ecu = 0.0035. Ranges of 
parameters outside the table represent cases where the re-
sulting normalized depth of the compression zone x does 
not satisfy the limits set by Eq. (11), and therefore this 
type of strengthening would not be advisable as it will:
a) embrittle the cross-section, for x values above the up-

per limit of Eq. (11), in the shaded part of Table 24, or

3 For fyk = 500 MPa, xbal = 0.62; for fyk = 400 MPa, xbal = 0.66; for
fyk = 220 MPa, xbal = 0.78;

4 The shaded part indicates concrete crushing for embedded tensile 
reinforcement with fsy = 500 MPa (B500C); values are increasingly 
conservative in the range of higher FRP strains, i.e. for lower x 
values, to account for the fact that the actual stress in compression 
reinforcement is lower than the assumed yield limit. Stricter crite-
ria (e.g. a minimum required value of tensile strain in the extreme 
layer of reinforcement, es1,min = 0.004) will extend the shaded por-
tion of the table downwards.

b) Maximum compressive strains in unconfined concrete
in the compression zone may not exceed ec,u.

c) Tension strains in the FRP longitudinal reinforcement
ef may not exceed the design limit ef,max = efu/gf, where
gf is taken from Table 1 for primary reinforcement on a
brittle substrate.

For dimensioning of the reinforcement, the axial tensile 
strain efd in the FRP layer may not exceed the following 
limit:

ε ε ε
ε
γ

≤ =· · , (10)1 2a afd f,max f,max
fu

f

where:
a1 = 1 for EBR-FRP layer
a1 = 1.4 for NSM-FRP layer
a2 =   1.0 if no transverse reinforcement has been applied 

over the FRP reinforcement
a2 =   1.4 if transverse reinforcement has been applied 

over the FRP reinforcement in the form of jacketing 
(Figs. 6.1 and 6.2) or if clamping of the FRP layer 
is achieved by means of chemical or other anchors 
(marked by blue arrows in Fig. 6)

For the sake of illustration, the dimensioning procedure 
is presented below for the case where concrete crushing 
ec  =  ecu is prioritized as the limiting failure mode after 
reinforcement yielding. The procedure for the case of FRP 
failure follows similar principles. Requirements a) to c) 
above may be expressed as limits on the normalized depth 
of the compression zone of the cross-section after retrofit-
ting x = x/d:

ε
ξ

ε
ξ

+
+







≤ ≤
+

=0.0035
0.0035

· 1 0.0035
0.0035

(11)2d
dfd yd

bal

To calculate the required area of the added tension rein-
forcement Af = rf · (b · d), the values of x and rf are solved 
from the equilibrium requirements:
– Sum of axial forces = 0 (νEd > 0 for compression)

0.85· · ( – )· – · · ·

0.85· – –( – ) /

/

(12)

0.85· – –( – )

· 0.0035 · 1 –

; / ; /

2 1

1 2

1 2

2

f · f f E

· f f

f f

·
f

f
E

f
d
d

f f f f

cd s s yd Ed cd f fd f

f
Ed s s yd cd

fd cd

f

Ed s s
yd

cd

f

cd

cd ck c yd yk s

β ξ ρ ρ ν ε ρ

ρ
β ξ ν ρ ρ

ρ
β ξ ν ρ ρ

ξ
ξ

γ γ

+ =

⇒ =

⇒ =
+







= =

Parameter b is the depth of the equivalent rectangular 
stress block of concrete compressive stress, normalized 
by the depth of the compression zone x (see Fig. 6.1; the 
intensity of the stress block is 0.85fcd). Parameters rs1 and 
rs2 are the available areas of tension and compression 
reinforcement in the cross-section respectively, calculated 
as the ratios of total bar area in each side to effective 
cross-sectional area, i.e. rs1  =  n1pDb1

2/(4hd), where n1
and Db1 are the number and diameter of the tension bars 
respectively.
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The required effective anchorage length Le available on 
each side of a critical section should satisfy the design re-
quirements for development length given in the fib Model 
Code for Concrete Structures [20].

When FRP reinforcement is used to increase the 
flexural capacity of a member, it is important to verify that 
the member will be capable of resisting the shear forces 
associated with the increased flexural strength.

The increased flexural strength corresponds to an in-
creased flexural shear demand VEd = MRd/Lν (Fig. 5). The 
retrofitted member should be checked for shear, and ad-
ditional shear reinforcement should be provided to ensure 
that the factored shear resistance VRd exceeds VEd.

The stiffness increase attained through the addition 
of the FRP reinforcement may be quantified by the magni-
tude of the effective EIj of the jth member’s strengthened 
cross-section, associated with the onset of yielding of the 
embedded longitudinal tension steel. Thus, the transla-
tional stiffness of a column is

2 /
; 12 6 ·

·
(15)

3 2
EI

M

h
K

EI

H
h
H

M

Hj
y,j

sy
j
FRP j

j j

y,j

sy jε ε
= = =













b) lead to debonding along the anchorage of the added
FRP reinforcement, for x values below the lower limit
of Eq. (11).

Table 2 is entered with the value of d2/d and the required 
normalized moment increase DμEd,f (calculated about the 
centroid of the longitudinal FRP layer). The estimated 
(from Table 2) value of x is entered in the expression for 
rf (Eq. (12)) to yield the required area of FRP tension re-
inforcement. The strain that develops in the FRP layer is 
given in the left column, which may be checked against 
the allowable efd value determined with Eq. (10).

6.1.1 Additional requirements

FRP reinforcement used as post-installed primary rein-
forcement to strengthen RC structural members for seis-
mic applications should be anchored so that they can car-
ry their forces at the critical sections where the moment is 
maximum (e.g. at the upper and lower cross-sections over 
the free length of a column, at the end cross-sections of a 
beam and at the base cross-section of a structural wall). 

Table 2. Normalized moment DμEd,f for various values of maximum allowable FRP strain efd

d2/d = 0.05 0.10 0.15

efd x DμEd.f x DμEd.f x DμEd.f

0.0022 0.645 0.347 0.675 0.381 0.706 0.417

0.0024 0.623 0.339 0.652 0.372 0.682 0.407

0.0026 0.602 0.331 0.631 0.364 0.660 0.398

0.0028 0.583 0.324 0.611 0.356 0.639 0.389

0.003 0.565 0.317 0.592 0.348 0.619 0.380

0.0035 0.525 0.300 0.550 0.329 0.575 0.360

0.004 0.490 0.285 0.513 0.312 0.537 0.341

0.0045 0.459 0.271 0.481 0.297 0.503 0.325

0.005 0.432 0.258 0.453 0.283 0.474 0.309

0.0055 0.408 0.246 0.428 0.270 0.447 0.295

0.006 0.387 0.236 0.405 0.258 0.424 0.282

0.0065 0.368 0.226 0.385 0.248 0.403 0.271

0.007 0.350 0.217 0.367 0.238 0.383 0.260

0.0075 0.334 0.208 0.350 0.228 0.366 0.250

0.008 0.320 0.200 0.335 0.220 0.350 0.240

0.0085 0.306 0.193 0.321 0.212 0.335 0.232

0.009 0.294 0.186 0.308 0.205 0.322 0.224

0.0095 0.283 0.180 0.296 0.198 0.310 0.216

0.01 0.272 0.174 0.285 0.191 0.298 0.209

0.0105 0.263 0.169 0.275 0.185 0.288 0.202

0.011 0.253 0.163 0.266 0.179 0.278 0.196

0.0115 0.245 0.159 0.257 0.174 0.268 0.190
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(16a)– –E fx fw x f fd

FRP component

sw x y,st

contribution of links
� �� �� � �� ��

σ ρ ε ρ= +

(16b)– –E fy fw y f fd

FRP component

sw y y,st

contribution of links
� �� �� � �� ��

σ ρ ε ρ= +

where rfw-χ is the FRP web reinforcement ratio (geomet-
ric ratio) provided in the x direction (2tf/h) for a con-
tinuous jacket having an effective thickness tf. Similarly,  
rfw-y = (2tf/b).

The effective thickness is estimated from the number 
of FRP layers n in the jacket and the thickness of a sin-
gle layer to. Therefore, tf = to · n0.85 for n ≥ 4. Otherwise,
tf = to · n for n < 4(5) (KAN.EPE [19]).

Parameter efd is the design value for the strain capac-
ity of the transverse jacket, defined in section 6.2.3 below.

Parameter rsw-χ is the transverse (web) steel rein-
forcement ratio in the x direction: for links oriented in 
the x direction placed along the member length at a clear 
spacing s and having a total sectional area Asw-x, this is 
defined by rsw-x = Asw-x/(s · ho). Similarly, rsw-y = Asw-y/
(s · bo).

A uniform lateral pressure is assumed to confine 
the FRP-encased concrete in compression. This pressure, 
denoted by σlat, is the average of σχ and σy defined above. 
To account for the reduced efficiency of confinement in 
rectangular cross-sections (Fig. 7b), an effectiveness coef-
ficient af is used to modify the FRP component of the con-
fining stress. This is similar to the effectiveness coefficient 
aw used for stirrup-generated confinement (EN  1998-1 
[16]):

σ

α ρ ρ ε α ρ ρ

σ α ρ ε α ρ

=

+ + + ⇒

= +
χ χ

ν ν

1
2

[ ·( )· ·( )· ] (17a)

0.5( · · · · )
sE f

E f

lat

f fw–y fw– f fd w w–y sw– y,st

lat f f f f,d w s y,st

Parameters rfν and rsν are the volumetric ratios of trans-
verse reinforcement (Fig. 7a):

ρ ρ=
+

=
+χ2 · · ( )

·
;

· ·

· ·
(17b)– –t h b

h b

A b A h

s h bfu
f

su
sw o sw y o

o o

6.2.2 Confinement effectiveness coefficients af, aw

The confinement effectiveness coefficient is the volume 
ratio of the encased member that is effectively confined. 
With reference to Fig. 7a, aw is defined as follows for stir-
rup confinement according with EN 1998-1 [16]:

∑α α α α α= = = −




=

· 1 – /6 1
2

(18)2
2

1

b b h s
bw n s n i o o s

oi

n

5 The jacket layers are calculated as follows: From tf = b × rf-y/2, 
calculate n = tf/to. If n < 4, then the calculated number of layers is 
applied, but if n > 4, then recalculate the increased number of lay-
ers by applying n = [tf/to]1/0.85. As the number of layers increases,
so the effective strain in the exterior layers is reduced due to the in-
creased stiffness of the jacket. Therefore, the choice of alternative 
strengthening schemes that make better use of material resources 
ought to be considered.

Note that Hj/h is the aspect ratio of the member and My,j 
is the moment resistance of the jth strengthened member 
at the onset of yielding of the longitudinal reinforcement.

6.1.2 Additional detailing considerations

When a member’s flexural capacity is increased, particular 
care should be taken to anchor the adopted FRP rein-
forcement properly. Longitudinal fibres used for strength-
ening RC members subjected to combined bending and 
axial load should be properly confined to avoid debond-
ing and concrete spalling under cyclic loads.

6.2  Increasing the deformation capacity of RC members 
through FRP jacketing

To increase the deformation capacity of an RC member, 
any type of undesirable brittle failure should be eliminat-
ed. The member should be designed to develop ductility 
during seismic load reversals. Ductility is achieved if the 
longitudinal steel reinforcement of the member is engaged 
in post-yielding response prior to the occurrence of any of 
the following:
a) Delamination of concrete cover in the compression

zone
b) Failure of lap splices or reinforcement anchorages
c) Diagonal tension failure of the member’s web (shear)
d) Control of bar buckling in the compression zone of a

member
e) Disintegration of the confined concrete core under

high compression strain demands

FRP jacketing may be used for the effective elimination of 
these occurrences and also to enhance the deformation 
and ductility capacity of a reinforced concrete member. 
The term FRP jacketing refers to any type of application 
of the material where the primary fibres are oriented 
transverse to the longitudinal axis of the upgraded mem-
ber and on a minimum of three faces (properly anchored 
U-shaped and -shaped types exclusively) of the mem-
ber’s cross-section in order to facilitate a confining action 
against any dilation of the concrete (i.e. due to axial load, 
shear transverse tension or dilation produced by the bond 
action of a ribbed bar). Interventions that may be neces-
sary to achieve this objective were termed local measures 
and listed in section 5.1. A critical design parameter in 
all cases is the confining pressure introduced by the FRP 
jacket.

6.2.1  Calculation of confining pressure in FRP-encased 
concrete

The confining pressure exerted by the FRP jacket encas-
ing a reinforced concrete member is estimated with refer-
ence to Fig. 7a (-shaped FRP types exclusively). FRP 
stresses and confinement exerted on the encased cross-
section vary from the corners to the centre. The average 
confining pressure σx acting along the x axis may be es-
timated considering equilibrium on a plane intersecting 
the cross-section along line A-A. The calculation of the 
average confining pressure σy, acting in the y direction, 
is similar.

σουζάνα
Sticky Note
Unmarked set by σουζάνα
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For proportioning the FRP jacket, the axial tensile strain 
efd in any FRP layer should not exceed the following limit:

· · · ; (20)1 2 3fd f,max f,max
fu

f
ε η η η ε ε

ε
γ

≤ =

Factor η1 accounts for the radius of chamfer R at the cor-
ners of the member (also known as the strain efficiency 
factor, see Pantazopoulou et al. [22], Tastani et al. [23], 
Pellegrino and Modena [24], see also Fig. 8):

0.25 2 · (2 )/ 1.0 (21)1 R D bbη = + + ′ ≤

Parameter Db is the embedded corner bar diameter. 
Eq.  (21) is valid for rectangular cross-sections only (b′ 
is the largest cross-section side); for circular members, 
n1 = 1.

Factor η2 accounts for the development length of the 
wrap:

/ 1 (22)2 l lb
avail

b
minη = ≤

Similarly, the effectiveness of confinement provided by 
FRP jackets is obtained as the volume ratio of the effec-
tively confined part of the member (fib Bulletins 14 [2], 35 
[3], 40 [21]):

α
ρ ρ

= + = − ′ + ′1 – ( – 2 ) ( – 2 )
3 · (1 – )

1 ( ) ( )
3 · (1 – )

(19)
2 2 2 2b R h R

bh
b h
bhf

g g

Parameter rg is the longitudinal reinforcement ratio of the 
member’s cross section, and b′ and h′ are the straight sides 
of the rectangular cross-section encased by the jacket after 
chamfering the corners with a radius R. By definition, the 
effectiveness coefficient is always < 1. In lightly reinforced 
members that are considered for FRP jacket retrofits, the 
contribution of the stirrups may be neglected with no sig-
nificant loss of accuracy. The effectiveness coefficient of 
the FRP jacket af decays fast with increasing aspect ratio 
b/h of the member’s dimensions (Fig. 7b). Further reduc-
tion occurs if the FRP jackets are placed in strips and are 
not continuous over the member length.
– For members with a circular cross-section and continu-

ous jacketing (i.e., no strips), af = 1.
– For members with a square cross-section and continu-

ous jacketing, af = 0.5.
– For cross-sections with an aspect ratio > 3, the confine-

ment effectiveness is practically negligible and af ≈ 0. 
However, FRP jacketing in these cases is a very effective 
means of providing web reinforcement (e.g. in structural 
walls).

6.2.3 Design tensile strain in FRP jacket efd

The allowable tensile strain in the jacket ef should not ex-
ceed the design limit ef,max = efu/gf, where gf is taken from 
Table 2 depending on the jacketing arrangement:
a) Fully wrapped retrofit arrangement refers to closed 

jackets (-shaped) that fully encase the member.
b) Anchorage on brittle substrate refers to open jackets  

(U-shaped) that do not enclose the member on all sides.

Fig. 7. a) Definition of terms for estimating confining pressure, b) exclusively -shaped FRP types

Fig. 8. Definition of factor n1 vs. the larger member cross-section side for 
several values of R and Db
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The design bond strength is tb1 = fctk0.05/gfb, where fctk0.05 
is the characteristic tensile strength of the concrete sub-
strate and gfb  =  1.5, the concrete material safety factor. 
Design calculations may be performed for wcr = 0.5 mm. 
The effective jacket thickness tf is defined in section 6.2.1.)

6.2.4 Stress-strain law for FRP-confined concrete

The confined concrete strength fcc and the corresponding 
strain at attainment of peak stress ecc in the compression 
zone of the encased cross-section may be calculated from 
the classical confinement model of Richart et al. [25] 
adapted to account for the greater compliance of jackets 
compared with conventional stirrups:

3 ; 1 5 1 (25)f f
f
fcc ck lat cc co
cc

ck
σ ε ε= + = + −













By substituting Eq. (17a) in Eq. (25) and assuming 
eco = 0.002 (strain at peak stress of unconfined concrete), 
we obtain the following:

3 1.5( )

(26)

1 5 0.002 0.015

f f f E f

f

E f

f

cc ck lat ck f fv f fd w sv y,st

cc co
lat

ck

f fv f fd w sv y,st

ck

σ α ρ ε α ρ

ε ε
σ α ρ ε α ρ

= + = + +

= +






= +
+

The failure strain of confined concrete ecu,c corresponding 
to a compression strength reduction in excess of 15 % is 
obtained from (Pantazopoulou et al [22], Fig. 9b):

0.075· · –0.1 0.0035

0.01, 1; 0.02, 0.6 (27)

E f

f

for for

cu,c c,u
f fv f fd w sv y,st

ck

cu,c cu,c

ε ε ζ
α ρ ε α ρ

ε ζ ε ζ

= +
+







 ≥

≤ = ≥ =

Coefficient z varies linearly between the two bounds for 
intermediate axial strain values. This parameter accounts 
for the reduced jacket effectiveness when a very high 
confinement is present: at such a very high limit, axial 
compaction of confined concrete accounts for part of the 
observed axial strain capacity without engaging the jacket 
through dilation of the core. Note that material safety fac-
tors are not used for concrete characteristic strength when 
determining the compression stress-strain law. Such a 
safety factor may have an adverse effect on the estimated 
hierarchy of failure when establishing capacity design 
principles. It is recommended that a safety factor be ap-
plied to the calculated member strength after retrofitting 
to account for uncertainties.

A note of caution is in order regarding the confine-
ment models available: all models listed in the literature 
have been calibrated against a very large database of 
tests conducted on axially compressed members (Fig. 9a). 
Specimens were either reinforced or unreinforced. The 
tests conducted correspond to the red point on the axial 
load-moment interaction diagram plotted in Fig. 9c. The 
stress-strain relationships derived do not account for the 
strain gradient effects that occur due to flexural moments. 
Using stress-strain relationships obtained from axial load 
tests to model the stress-strain behaviour of concrete in 

where lb
min is the minimum required overlap length of the 

exterior jacket layer (i.e. as calculated by implementing 
Eq. (23) or (24)) and lb

avail is the available length of the 
cross-section side where the FRP is to be anchored.

Factor η3 accounts for the redundancy of the jacket 
against debonding failure.
– For fully wrapped jackets, η3 = 1.0.
– For U-type arrangements with special details at the ends 

to secure the jacket against debonding (e.g. adhesive 
anchors, NSM details, etc.), η3 = 1.0.

– For U-type arrangements without special measures 
against debonding, η3 = 0.85.

– For straight layers with special details at the ends 
to secure the jacket against debonding (e.g. adhe-
sive anchors, NSM details, transverse confining wraps), 
η3 = 0.9.

– For straight layers (parallel to the web depth) without 
special measures against debonding, η3 = 0.6. (Note that 
this arrangement is discouraged by most relevant design 
codes due to the high risk of debonding, e.g. ACI 440 
[1], fib 9.3 Bulletin 35 [3], KAN.EPE [19]); however, it 
may be improved by using chemical anchors or other 
effective clamping means.)

(Note: The usable design FRP strain is limited in order to 
protect the retrofit against premature local failures such 
as:
(a.1) Rupture of the FRP at the corners. This mode of 
failure occurs mostly due to lateral dilation of concrete 
under high compressive strains in the compression zone 
of confined members. To delay the occurrence of local 
rupture due to high compressive pressures, the corners of 
the cross-section should be chamfered by a radius R ac-
cording with the requirements of section 6.2.3.
(a.2) Rupture may also occur due to buckling of embed-
ded compression reinforcement. The axial compression 
strain that is allowed to occur in the compression zone of 
the member at the ultimate limit state should be limited 
according to section 8.1.1.
(b.1) Debonding failure of the FRP in a closed jacket ar-
rangement (-type). The most critical layer for debond-
ing is the external layer, since the shear strength of the 
adhesive in interior layers is enhanced by friction due to 
confinement. The minimum required overlap length of the 
exterior jacket layer lb

min is

1.6 / (23)l E t sb
min

f o ao a= τ

where ta is the shear strength of the adhesive at the stage 
of plastification and sao the slip of the adhesive at brittle 
shear failure (data for the adhesive must be provided by 
the adhesive supplier). For an adhesive that exhibits duc-
tile shear response up to sau, the coefficient 1.6 may be 
eliminated and sau used in lieu of sao in Eq. (23).
(b.2) Debonding failure of the FRP in an open (U-type) 
FRP jacket arrangement (i.e. in the case of anchorage in 
a brittle substrate such as the concrete cover). The mini-
mum development length measured from the critical sec-
tion where efd will be developed at the point – where the 
FRP intersects a flexural or shear crack of width wcr – is

1.6 / (24)1l E t wb
min

f f cr b= τ
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c) KAN.EPE [19] (Greek code for retrofitting, in English, 
GRECO 2014): The confined concrete strength and the 
associated strain ecc are obtained from

 
· (1.125 1.25 · · ) · 0.10

(4 / ) · ( / ); · 0.0035 · ( / );

0.0035 0.1 · · (29)

f f for

t d f f f f
cc,d c,d f wd f wd

w j j,eff co cc FRP cc,d c,d

cu,c f wd

α ω α ω
ω ε γ
ε α ω

= + ≥
= =

= +

 where fc,d = fck/1.5, fcc,d is the design confined concrete 
compressive strength, gFRP  =  1 and 2 for CFRP and 
GFRP respectively, af is the coefficient of confinement 
effectiveness (see Eq. (19)), ωwd is the mechanical 
ratio of confining reinforcement (tf =  jacket thickness 
according to section 6.2.1, d  =  cross-section size for 
continuous jackets) and fj,eff is the effective jacket stress 
(taken to be equal to the nominal strength of the jacket 
material, i.e. efd  =  ef,max. In Eq. (29), when the term 
af · ωwd is lower than 0.10, then fcc,d = fc,d.)

7 Acceptance criteria and safety evaluation
7.1  Rotation capacity and displacement ductility  

of FRP-confined members

Based on ample experimental documentation, RC beams, 
columns and walls retrofitted with FRP jackets in the criti-
cal regions can develop significant rotation capacity and 
displacement ductility.

Rotation capacity refers to the maximum angle that 
may be sustained between the chord of the member in 
the displaced position and the normal to the end cross-
sections (Fig. 10).

The ultimate chord rotation θu of members strength-
ened with FRP confinement may be estimated using one 
of the following procedures:
a) From basic mechanics:
 


1 · ( – ) · · 1 – 0.5 · (30)
Lu

el
y u y pl

pl

V
θ

γ
θ φ φ= +























 where:
  gel  =  1.5 for primary and 1.0 for secondary members 

(According to EN1998-1 [16], “secondary members” 
are those members whose stiffness and resistance ac-

the confined compression zone of members under com-
bined axial load and moment (range marked by green 
in Fig. 9c) is an area of inconsistency in the FRP-related 
literature.

(Note: Three additional alternative stress-strain models 
are also relevant and might be considered in a final de-
sign guideline from among the many confinement models 
available in the literature:
a) The model adopted by EN 1998-3 [18]: Here, the con-

fined concrete strength and the associated strain ecc as 
well as the strain capacity ecu,c are calculated through 
Eq. (28a), where ef,eff is lower than the jacket strain at 
rupture (suggested values for efu are 0.015 for CFRP 
and AFRP, 0.02 for GFRP):

 

α ρ
ε ε

α ε ε
α ρ

= +




















= + −
















= = +

1 3.7 ; · 1 5· 1

(28a)
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f
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f
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D
E

f

f
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eff f f,eff
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ck

f,eff eff
f

f f,eff cu,c
eff fv f,eff

cc

 where aeff  =  1 for circular sections, aeff = (2R/D) for 
rectangular sections and aeff = (1–(sf/2D)2 for strips, 
where sf is the centre-to-centre strip spacing and D the 
maximum cross-sectional dimension.

b) Based on the correlation of a large database of tests, 
Biskinis and Fardis [26] have proposed a revision of 
Eq. (28a) as follows:

 

α ρ
ε ε

ε

ε α α
ρ

= +
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1 3.5· ; · 1 5· 1

·( · ) (28b)

0.0035 10
(mm)

0.45 · 0.5;
·

3/4

2

f f
f

f
f
f

f E k

h
min

f

f

cc co
eff f f,eff

co
cc co

cc

ck

u,f f eff u,f

cu,c eff eff,j
f u,f

cc

 where rf is the geometric ratio of the FRP in the direc-
tion of loading (i.e. rf  = 2tf/D, see section 5.2.1), eu,f 
the failure strain of the FRP, keff an FRP effectiveness 
factor (equal to 0.6 for CFRP, AFRP or GFRP) and 
eco = 0.002.

Fig. 9. a) Typical test of FRP-confined concrete in compression, b) nomenclature for stress-strain milestones, c) axial load-moment interaction diagram for 
typical prismatic element
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0.2: 0.45 ·

·
(33)

0.2: 0.45 · ·
·

for

for h
d

d,max
cu,c

sy d,max

d,max
cu,c

sy

ν µ
ε

ε ν

ν µ
ε
ε ξ

≥ =

< =

φ

φ

 Here, θy may be estimated from θy = 1/6φyH = 
1/3esy[H/h], where H/h is the aspect ratio of the mem-
ber (H = member depth and h = cross-section depth of 
member).

 Using Eq. (8), calculate the available μθ:
 

0.5 · ( 1) and · (34)u yµ µ µ θ µ θ= = + =θ φ θ∆

 (A simplification made here was to assume that 
p ≈ 0.5h and H/h ≈ 6.) The value estimated from Eq. 
(34) should be multiplied by 1.5 in order to account for 
the contribution of the reinforcement pull-out to the 
rotation capacity.

c) Based on calibrated expressions obtained through cor-
relation with an extensive database of tests as follows 
(Biskinis and Fardis [26]):
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 where:
 ω = rs1fsy/fc  mechanical reinforcement ratio of ten-

sion reinforcement (including any vertical 
reinforcement between the tension and 
compression chords of the RC section)

 ω′ = rs2fsy/fc  mechanical reinforcement ratio of com-
pression reinforcement

 Lν  shear span (≈ 0.5H for columns)
 rd  ratio of diagonal reinforcement (in each 

diagonal direction if available) The last 
term – arfu/fc)f,eff – in Eq. (35) may be 
calculated using one of the following 
expressions, all of which are proposed as 
alternative options:
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u

c f,eff
f f
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c

f fu

c

f

count for less than 15 % of the total floor stiffness and, 
hence, they may be neglected in the response analysis 
even though they should be designed to withstand the 
deformations of the structure under the design seismic 
loads without loss of vertical load-carrying capacity.)

  θy is the chord rotation attained at yielding of the longi-
tudinal tension reinforcement (KANEPE [19], Biskinis 
and Fardis [26]):

 
1
3

( ) 0.0014 · 1 1.5 ·

0.125 · ·
·

(31)

a z L h
L

D f

f

y y
V

y
b s,y

ck

θ φ

φ

= + + +






+

ν ν

 where:
 h section depth
 Db (average) diameter of longitudinal bars
 fck  concrete compressive strength (in MPa), obtained 

from in situ tests of existing materials
 fsy  steel yield longitudinal strength (in MPa) obtained 

from in situ tests of existing materials
 aνz  tension shift of bending moment diagram (EN 

1992-1-1 [27])
  φu  ultimate curvature of end section, evaluated by as-

signing the value defined by Eq. (8-27) or, alterna-
tively, by Eq. (8-28) or (8-29), at concrete ultimate 
strain ecu,c

  φy  curvature exhibited by end section at onset of 
yielding of tension reinforcement (which may be 
approximated by 2esy/h)

	 pl  length of plastic hinge estimated – according to 
EN 1998-3 [18] – with

 

= + + 0.1 0.17 0.24 ·
·

(32a)L h
D f

fpl V
b s,y

ck

 

  or – according to Biskinis and Fardis [26] (for cy-
clic loads) – with

 

= +














ν 0.2 · 1 1

3
9; (32b)h min

L
hpl

b) Empirically, from the following expressions:
 The ecu,c value determined from Eq. (27) or Eq. (29) is used 

to quantify the curvature ductility by reversing Eq. (9):

Fig. 10. Definition of chord rotation θ: a) when transverse elements (i.e. 
beams) participate in storey deformation, b) do not participate
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in shear transfer (Tureyen and Frosch [28]); thus, the 
strength contribution is taken to be

0.41 · ( · ); · · · (37b)V f b x V b h fRd,c c Rd,s sw–y o o y,stρ= =

Term x  =  xd represents the depth of the compression 
zone at the state of sectional equilibrium at ultimate flex-
ural capacity (accounting for the simultaneous action of 
the design axial load value for the seismic combination 
NG+0.3Q±E). In Eq. (37b), fc is the concrete compressive 
strength measured in in situ tests; for primary seismic 
elements, fc should be further divided by the partial confi-
dence factor for concrete in accordance with EN 1998-1 
[16], section 5.2.4. In general, mean material properties 
from in situ tests and from additional sources of EN 1998-
3 [19] information should be used in the calculations.
– For primary seismic elements, the mean material 

strengths – in addition to being divided by the appro-
priate confidence factors based on the knowledge level 
– should also be divided by the partial factors for materi-
als in accordance with EN 1998-1 [16], section 5.2.4.

– If the member has sustained damage during previous 
loading, the residual, rather than the full, contributions 
of core concrete and web reinforcement should be con-
sidered. The value of μθ,pl used in Eq. (37a) to calculate 
the post-retrofit shear strength of the member will be the 
minimum of the plastic ductility demand suffered during 
previous events and the target value used for redesign.

Term rsw-y was defined in Eq. (16a) as the web reinforce-
ment ratio in the direction parallel to the shear force (de-
sign shear here is assumed to act in the y direction of the 
member’s cross section):

·
(37c)

A

b ssw–y
sw–y

o
ρ =

The contribution of the FRP jacket VRd,f is calculated simi-
larly to VRd,s as follows:

· · · where · (38)V b h f f ERd,f f–y fwd fwd f fdρ ε= =

The value of ffwd depends of the type of the externally ap-
plied fibre reinforcement (closed or -shaped, three-sided 
or U-shaped, two-sided or ll-shaped; the latter, being the 
weakest of all alternatives, is usually prohibited by several 
codes, i.e. ACI 440 [1], fib 9.3 Bulletin 35 [3], KAN.EPE 
[19]) determined by the pertinent value of efd (see section 
6.2.3). Term rf-y was defined in Eq. (16a) as the FRP jacket 
reinforcement ratio in the direction parallel to the shear 
force (with design shear here assumed to act in the y direc-
tion of the member’s cross section):

2
;

· 4

· 4
(39a)

0.85t

b
t t n for n

t t n for nf–y
f f o

f o
ρ =

= ≥
= <







If the FRP reinforcement is applied in strips of width bf 
at a centre-to-centre longitudinal spacing sf, the reinforce-
ment ratio is defined by

2
· (39b)

t

b

b

sf–y
f f

f
ρ =

 where rf is the geometric ratio of the FRP in the direction 
of loading and af is calculated from Eq. (19) by neglect-
ing the term (1-rg). Alternatives given by Eq. (35a), (35b) 
and (35c) account for the pre-damage on θu, of which 
Eq. (35c) agrees better with the experimental database; 
the first alternative is included in EN1998-3 [18]).

7.2 Safety requirements
7.2.1  Ductile members and mechanisms – combined bending 

and axial load

According to section 6.2.4, FRP jacketing may increase 
the effective strength of concrete in compression through 
confining action.

A modest increase in the flexural strength MRd of the 
FRP-jacketed member may be estimated when accounting 
for the increased strength fcc of the compression zone. 
This strength increase corresponds to a commensurate 
increase in VEd, which is used as a reference in capacity-
based proportioning of the retrofit. If axial load is present, 
the most conservative estimate for MRd should be ob-
tained in order to assess the available overstrength.

7.2.2 Brittle members and mechanisms – shear

The shear strength of FRP-jacketed RC members VRd 
should exceed the retrofitted flexural strength VEd = MRd/
Lν (from section 6.1) in order to preclude shear failure.

The shear strength VRd of the retrofitted member 
comprises the contributions of the original member VRd,o 
and the FRP jacket VRd,f:

(36)V V VRd Rd,o Rd,f= +

The cyclic shear resistance VRd,o of the original member 
decreases with the plastic part of the ductility demand, 
expressed in terms of the ductility factor of the transverse 
deflection of the shear span or the chord rotation at the 
end of the member μθ,pl = μθ –1. For this purpose, μθ,pl may 
be calculated as the ratio of the plastic part θpl of the to-
tal chord rotation θu normalized to the chord rotation at 
yielding θy calculated in accordance with section 7.1.

The following expression (from KAN.EPE [19]) may 
be used for the shear strength, as controlled by yielding of 
the embedded stirrups, accounting for the above reduc-
tion (units: MN and m):

1 ·
–

2
· ( ; 0.55 )

[1 – 0.05 · (5; )] · ( )
(37a)V

h x
L

min N A f

min V V
Rd,o

el
V

c c

,pl Rd,c Rd,s
γ µ

=
+

+















θ

In Eq. (37a), gel = 1.15 for primary seismic elements and 
1.0 for secondary seismic elements.

Terms VRd,c and VRd,s represent the contributions 
of the concrete compression zone and the web reinforce-
ment to the shear strength of the original member (prior 
to retrofitting with FRP jacket). Term VRd,s, as represented 
in the established codes of practice, is used in Eq. (37a). 
Note that the expression corresponds to a 45° angle shear 
truss. Term VRd,c is taken reduced from the code expres-
sions in recognition of the recent understanding that 
only the compression zone of a cross-section participates 
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Ast area of stirrup legs enclosing the Nb lapped bars (area 
of legs crossing splitting plane)

s stirrup spacing along member length (with only a 
few stirrups the “stirrup term” of Eq. (42) may be ne-
glected for safety)

The effective strain e f
sl of the FRP jacket is linked to the 

degree of acceptable damage along the splice length, 
which is reflected in the value of the coefficient of friction 
μfr.

Based on fib Model Code 2010 [20], bond stress 
reaches bond strength at a slip value of 0.1 mm. For that 
limit, damage to the anchorage is negligible, and the cor-
responding coefficient of friction μfr = 1. For higher slip 
values, the value of μfr degrades due to plastification or 
cracking in the lapped length.

Based on experimental results by Tastani and Pan-
tazopoulou [30], the outward radial displacement ur,o that 
occurs at the concrete-bar interface when a bar slips along 
its axis by an amount δo is related to δo by virtue of the 
inclined profile of the lugs (initially) and by the slope of 
the sliding plane formed by the crushed concrete under 
the lugs at higher levels of slip (Fig. 11a):

0.5 (43a)ur,o oδ=

Hoop strain eθ,o at the interface is equal to ur/r. For the 
performance limit considered (i.e. a value of slip δο = 0.1 
mm with μfr = 1), the corresponding value of the effective 
jacket strain is / 0.5u rr r c Db= +  (Tastani and Pantazopoulou 
[29], Pantazopoulou et al. [22]):

0.05/(c 0.5 ) (43b)Dsl
f

bε = +

where cover c and bar diameter Db are both in mm 
(Fig.  11a). Eq. (43) is valid regardless of the material 
(GFRP or CFRP) used in the FRP jacketing. Eq. (42) may 
be used to determine the confining jacket thickness re-
quired tf (for securing the lap splice capacity of longitudi-
nal reinforcement). In this case the required jacket thick-
ness over the lap splice length is estimated using

γ
µ≥

ε
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with Ab = pDb
2/4.

If the member has sustained damage during previous 
loading and the lap splices show signs of distress, then it is 
advisable to patch repair the damaged cover by replacing 
it with repair mortar. If no such repair is possible, then the 
residual, rather than the full, contributions of the cover 
concrete should be considered in Eq. (42). In this case it is 
sufficient to reduce the concrete term in Eqs. (42) and (44) 
to 1/3 of its initial, reference value.

Note here that as e f
sl is very small, the calculated 

number of FRP layers is usually n ≥ 4, so the effective 
jacket thickness should be tf =  to · n0.85. Further, in Eq. 
(44), term pcr is used instead of 2c, which appeared in the 
initial Eq. (42), since the potential splitting mechanisms 

The above equations assume that the fibres of the FRP 
jacket are placed at an angle of 90° to the longitudinal axis 
of the member. If the jacket is applied at an angle ao with 
respect to the longitudinal axis of the member, Eq. (38) 
should be modified as follows:

· · · · (1 ) · (39c)V b h f cota sinaRd,f f–y fd o oρ= +

The shear strength estimated according to Eq. (36) should 
not exceed the following limit value for shear VRd,max, 
which corresponds to crushing of the diagonal compres-
sion struts in the web of the member, modified to account 
for the confined concrete strength (EN 1992-1-1 [27]):

0.5 · 1 –
250

· · · · (1 ) (40)V
f

f b h cotaRd,max
c

cc o=






+

7.2.3 Brittle members and mechanisms – lap splices

Slip of existing steel reinforcement in RC columns at lap 
splice locations may be avoided by confining the member 
cross-section with FRP.

FRP wrapping over the embedment length of bar 
anchorages provides clamping, resisting propagation of 
cover splitting and thus enhancing the frictional mecha-
nism of bond resistance.

FRP jacketing enables attainment of high strain 
demands in the tension reinforcement at the critical sec-
tion. The increased demand for bar development capacity 
cannot always be met by the anchorage/lap splice, which 
is often inadequate in substandard construction or inac-
cessible for rehabilitation.

The FRP jacket layers required are intended to en-
hance bond strength in order to develop yielding of the 
embedded lapped reinforcement at the critical sections 
near the support.

In existing structures where the available lap length Lo 
is known, the required bond stress may be evaluated with

τ γ≥ · ·
4

(41)1
D
L

f
b el

b

o

s,y

The bond strength of lapped bars in the retrofitted mem-
ber comprises contributions from concrete cover, web 
reinforcement and added FRP jacket (Tastani and Panta-
zopoulou [29]):

2
2 · 0.33 ·

2
(42)1 0.05D

c f
A f
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t E
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fr

b
ctk

concrete term

st y,st

b

stirrups term

f f sl
f

b
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τ

µ
π

ε
= + +



















where:
Nb number of tension bars (or pairs of spliced tension 

bars if reinforcement is spliced) laterally restrained 
by the transverse pressure (e.g. if a cross-section has 
eight bars evenly distributed around the perimeter – 
three bars each side –, then Nb = 3 in the cross-section 
region with the highest tension stresses, whereas if 
there are eight pairs of spliced bars around the perim-
eter, then again Nb = 3)

c concrete cover
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Two alternative options are considered in order to 
calculate the required FRP confinement in order to a) 
eliminate the occurrence of buckling or b) increase the 
deformation capacity of reinforcement in the compression 
zones of concrete members.
a) Jacket thickness should be evaluated from the require-

ment in reinforced concrete design (Priestley at al. 
[31]) according to which the restraint needed to avoid 
buckling over a critical length – which involves several 
hoops – of a longitudinal bar in the strain hardening 
range of axial compression is given by the volumetric 
ratio of transverse reinforcement as follows:

 
0.45 ·

·
(45a)

2n · f
E Es

s

r t
ρ =ν

 where:
 n  total number of compressed longitudinal bars re-

strained by jacket (e.g. all the bars in the compres-
sion zone of a member cross-section)

 Et  modulus of elasticity of transverse reinforcement
 Er  double modulus of longitudinal reinforcement at 

onset of bar buckling at an axial compressive stress 
in the bar equal to fs (where fs > fsy) given by Eq. 
(45b); here Es and Ei are the elastic and the secant 
(fs to fu, see Fig. 12b) moduli of existing steel com-
pression bars after yielding respectively. The double 
modulus is intended to account for the fact that 
upon non-linear bar bending outwards due to buck-
ling, a part of the bar cross-section is unloads from 
compression to tension:

 
4 ·

(45b)
2

E
E · E

E E
r

s i

s i( )
=

+

   Eq. (45a) is also used to consider the restraining 
action by FRP jacketing; the required jacket thick-
ness tf may be obtained by setting the left-hand side 
of Eq. (45a) equal to the product of the volumetric 
ratio of FRP jacket and the confinement effective-
ness coefficient: af  · rfν = af · 2tf (b + h)/(bh) (af · 

are modified as shown in Fig. 10b in the light of the con-
fining action of the jacket.

Term pcr refers to the length of cracking produced 
by a single bar or a pair of spliced bars at bond failure 
(see Fig.  11b). If a V-shaped crack pattern is adopted 
(see Fig.  11b), then 2 2 ·p ccr = , where c is the vertical 
cover. Note that if Nb · pcr > (b-2ch-DbNb) or Nb · pcr >  
(b-2ch-2DbNb) for bars or pairs of spliced bars respectively 
(ch = side/horizontal cover width), then the critical split-
ting plane is the horizontal one that crosses all the bars. In 
this case the value of ch + 0.5 · (b-2ch-DbNb)/(Nb-1) or ch 
+ 0.5 · (b-2ch-2DbNb)/(Nb-1) may be used as pcr in Eq. (44) 
for bars or pairs of spliced bars respectively.

8  Detailing provisions to eliminate brittle failure  
of the jacket

8.1 Buckling of longitudinal bars

In lightly reinforced RC members, the compression strain 
capacity of longitudinal reinforcement is often limited by 
premature buckling owing to the large unsupported length 
of the bars (Fig. 12a).

The bar slenderness ratio of compression reinforc-
ing bars supported laterally by stirrups is defined by the 
parameter λ = s/Db. Recommended values of λ for high to 
moderate ductility structures are in the range 6–8.

Values of λ > 10 are excessive. The bar may undergo 
elastic buckling prior to yielding. In such cases the suscep-
tibility of the FRP jacket to stress concentrations limits its 
effectiveness as lateral support for the longitudinal rein-
forcement after it reaches critical conditions for buckling.

FRP jacketing may delay but cannot preclude even-
tual buckling of compression reinforcement. The confine-
ment induced by jacketing provides lateral support to the 
cover concrete, so delamination is not prevented.

The critical buckling load of compression bars di-
minishes after yielding in compression.

FRP confinement allows the concrete in the com-
pression zone to develop a large deformation capacity. So 
redistribution is possible from the longitudinal reinforce-
ment to the concrete when the former reaches conditions 
of instability.

Fig. 11. a) Radial displacement and surface hoop strain in lap splice pull-out, b) definition of crack path length pc (red line)
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strain at which the bar will become unstable. There-
fore, buckling of any individual bar segment is con-
trolled by its strain ductility μec-s/Db curve unless the 
dependable deformation capacity of encased concrete 
ecu,c (as defined by any preferred confinement model, 
e.g. Eq. (27)) exceeds the es,crit value corresponding to 
the available s/Db ratio.

An important consideration when detailing the FRP jack-
et is to ensure that the target displacement ductility of the 
member after upgrading μD,req may be attained prior to 
buckling of primary reinforcement. The steps to achieve 
this are as follows:
– Estimate the target displacement ductility demand at 

the design performance limit state μθ,req = θu,target/θy
– Estimate the curvature ductility demand μφ,req (where 

μφ  =  φu/φy) in the plastic hinge region of the member 
using the relationship between μθ, and μφ from Eqs. (8) 
and (9):

 
2 – 1 (47),i ,iµ µ=φ θ

– From μφ,req, find the compression strain ductility de-
mand μec,req of the compression reinforcement: ecu,

req
c  = 

2.2  · μφ,req  · esy  · νd,max ≥ 0.0035. Estimate the required 
jacket confinement to ensure ecu,c ≥ {ecu,

req
c;  es,crit}, ecu,c 

from Eq. (27).

Example: Consider a square RC cross-section with 
h  =  300 mm where four compressed longitudinal bars 
are restrained by the jacket (n = 4). The axial load ratio 
νd,max = 0.4. The FRP jacketing system (here GFRP) has 
Ef = 75 GPa, design strain efd = 0.02/gf (gf = 1.5) and layer 
thickness to = 0.16 mm, and the confinement effectiveness 
is af = 0.53.

Option a): At the critical buckling condition where 
the onset of longitudinal bar yielding occurs, using 
Eq.  (45a) results in tf = 0.30 mm (which corresponds to 
two plies).

Option b): By requiring that the RC element can 
develop a displacement and drift ductility ratio μD  =  2, 
the curvature ductility demand is estimated from Eq. (47) 
as μφ,req  =  3 and the corresponding concrete compres-
sion strain is ecu,

req
c = 2.2 · μφ · esy · νd,max = 0.0053 > 0.003

5. As the strain demand at the level of the compression 
reinforcement es2 is es2 < ecu,

req
c but also es2 > esy (depending 

rfν = af · 4tf/h for a square cross-section). Assuming 
the onset of longitudinal bar yielding as the criti-
cal condition (fs = fsy), Eq. (45a) is then solved for tf 
(Triantafillou [32]):

  
  For a square cross section:
 0.45 · ·

4 · ·
10 · (45c)

2

t
n · f h

a E · E
n · h

a · Ef
sy

f r f f f
= ≈

  For an orthogonal cross section:
 0.45 ·

·
·

2 · ( )
(45d)

2

t
n · f

a E · E
b · h
b hf

sy

f r f
=

+

   Thus Eqs. (45c) and (45d) estimate the required 
jacket thickness to ensure that buckling of the lon-
gitudinal compressed reinforcement will be avoided 
up to the yield strain (and not up to a specific value 
of strain into the hardening range).

b) In plastic hinge regions, lateral buckling is the usual 
form of compression reinforcement failure due to 
lateral shear distortion of the member in that region. 
A criterion for design of the required lateral restraint 
to be provided by the jacket is the requirement that the 
strain capacity of the confined concrete ecu,c should 
exceed the critical strain es,crit at the onset of rein-
forcement buckling. In this case (where ecu,c > es,crit), 
redistribution between the compressed bars at incipi-
ent buckling and the encased concrete is possible, thus 
postponing buckling to occur at a higher strain level 
(Tastani et al. [23], Tastani et al [33]).

 The critical s/Db ratio that corresponds to the critical 
rebar stress fs,crit is given by

 

/ (46)s D
E

fb
t

s,crit
ψ=

 where Et is the tangent modulus of steel at the stress 
level considered (see Fig. 12b and fib Bulletin 24 [34]) 
and y a parameter that accounts for the buckling 
length (y = p/4 for symmetric buckling and y = p/2 for 
lateral buckling, see Fig. 13).

 Given the full stress-strain law of the longitudinal bars 
in compression (which is often assumed to be identical 
to that in tension for lack of detailed data), the limiting 
strain ductility μec = es,crit/esy is plotted against the s/Db 
ratio (see, for example, Fig. 13). Parameter es,crit is the 

Fig. 12. a) Symmetric buckling of fully supported steel bar, b) stress-strain diagram
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capacity from the limit value es,crit to the demand value 
ecu,

req
c), Eq. (27) is used by substituting where ecu,c = max 

{ecu,
req

c; es,crit} = 0.0053 (assuming the following values for all 
other parameters: fck = 20 MPa, ec,u = 0.0035, af = 0.53, 
efd = n1 · n2 · n3 · efu/gf = 0.69 · 1 · 1 · 0.02/1.5 = 0.0092, 
R = 25 mm, Db = 16 mm). The resulting required volumet-
ric ratio for the FRP is rfν = 0.0067, which corresponds 
to tf = 0.505 mm (i.e. four plies, each 0.16 mm thick). If 
the value of ecu,

req
c was chosen slightly higher than esy (i.e. 

0.0025) so that at the level of the compression bars it 
would be es2 = esy (critical condition for option a)), then 

on the values of the d2 and x variables of the cross-section 
for μφ,req = 3, see Fig. 6.1), the compression reinforcement 
would be required to yield in compression and be able to 
sustain post-yield strains in the strain hardening branch. 
For stirrup arrangements representative of older practice 
(i.e. for s/Db = 10 with StIII, see Fig. 13, right), the value 
es,crit ≤ esh, thus μec < 2, leads to buckling upon zero bar 
stiffness or, even worse, to elastic buckling of longitudi-
nal reinforcement. To increase the deformation capacity 
of compression reinforcement beyond the limit of zero 
stiffness buckling or elastic buckling (by raising the strain 

Fig. 13. Compressive strain ductility μec = es,crit /ey vs. stirrup spacing s/Db for steel categories StI, StIII and StIV and two buckling lengths (buckling curves)
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end faces of the joint region, as the slope of the moment 
diagram over the depth of the beam or column (Fig. 14a). 
Joint failure occurs due to inadequate shear reinforcement 
or by crushing failure of the diagonal compressive strut 
that forms in the body of the joint (Fig. 14b). Require-
ments for retrofit draw from past knowledge about the 
behaviour and design considerations of conventionally 
reinforced beam-column joints due to their importance 
in securing the integrity of the structure: the joint panel 
lies in the path of the vertical loads (overbearing weight 
of the structure) and as such, considerations of resilience 
and integrity of the retrofit necessarily lead to overdesign 
consistent with capacity-design principles.

As depicted in Fig. 14(a) the joint panel is subjected 
to steep moment gradients as they facilitate reversal of 
moment from one face of the member to the other. In 
the ultimate limit state the design force in the joint is so 
significant that joint strength is thought to be supported 
primarily by the diagonal compressive strut that forms 
in the joint (Fig. 14b) provided that it is confined (Panta-
zopoulou and Bonacci [35], fib Bulletin 24 [34]). Current 
codes demand that the stirrup arrangement used in the 
end critical zones of the columns is also extended inside 
the joint panel in order to secure confinement (EN 1998-1 
[16]); however the effectiveness of confinement also de-
pends on the number of free faces of the joint (that is, how 
many sides are unrestrained). It is notable that in recon-
naissance reports joint failures are usually reported to oc-
cur in the perimeter of the building. In recognition of this 
fact the ACI-ASCE 352 Recommendations [36] limit the 
allowable shear stress input in an exterior joint to 66 % 
of the value allowed in interior joints; the corresponding 
limit is at 80 % in EN 1998-1 [16].

In old construction, joints are generally unconfined 
or poorly detailed. This renders them susceptible to di-
agonal tension failure at relatively low levels of shear 
demand. Past experiments conducted in controlled labo-
ratory conditions as well as analytical studies have dem-
onstrated that RC joints in beam-column connections can 
be effectively strengthened with a pertinent arrangement 
of externally bonded FRP [37–43]; analytical studies have 
also been developed to illustrate the mechanics of this 
strengthening scheme [37, 44]. These studies support the 
development of rehabilitation procedures and detailing 
methods for strengthening of beam-column joints with 
FRP jacketing. However, a few of the specimens tested are 

planar assemblies without slab and/or transverse beams. 
In total, the number of available exterior connection tests 
that reproduce faithfully the actual three-dimensional 
features of RC frame joints including the monolithic slab 
is still considered limited in light of the key role of joints 
in the overall structural integrity and survival in the event 

the required jacket thickness is calculated as tf = 0.35 mm 
(i.e. three plies).

Comparing the two options at the same critical re-
inforcement strain, namely compression yielding of the 
longitudinal bars, option b) is deemed more conserva-
tive. Also option b) will secure the strain capacity of the 
reinforcement deeper into the hardening range where the 
critical conditions for buckling may occur (thus postpon-
ing the occurrence of buckling up to or beyond the ex-
haustion of the strain capacity of confined concrete.

8.2 Displacement ductility of FRP-jacketed RC members

FRP jacketing can suppress all failure modes apart from 
flexural yielding of reinforcement. The available displace-
ment ductility μD as a function of transverse confining 
pressure σlat is estimated with (Tastani and Pantazopou-
lou [29])

1.3 12.4
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–0.1 1.3 (48a)
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In Eq. (48a), the lower limit value of μD = 1.3 recognizes 
the fact that lightly reinforced RC elements that overcome 
any premature elastic mode of failure are able to develop 
some limited displacement ductility.

The above is simplified by neglecting the contribu-
tion of stirrups (if their arrangement is deemed as not 
conforming to modern standards):
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where ef,eff = efu,d, efu,d = efu/gf, and gf is the FRP material 
redundancy coefficient.

By recalling here the expressions for chord rotation 
at yielding (Eq. (31)) and the plastic component of drift 
capacity (Eq. (35)) by Biskinis and Fardis [26], where 
θu  =  θy + θu

pl, the displacement ductility related to the 
confinement provided by the FRP jacketing is defined 
by Eq. (48) below; if the displacement ductility demand 
is known, the equation below may be used to extract the 
required jacket thickness (implicit in the exponent of the 
factor 25) through iteration:

1
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9 Joints

Beam-column joints are regions of very high shear stress 
demand. The design shear force acting on the beam-
column joint during seismic excitation may be estimated 
from the moment reversal which occurs between the 
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Whether used as shear reinforcement or as a form of 
confinement, FRP sheets represent an appropriate meth-
od of beam-column joint retrofit. In this case, externally 
bonded FRP reinforcement either confining the joint on 
all free faces or placed as strips with the fibres running in 
the direction of principal tensile stresses is needed. To de-
termine the required amount, the jacket thickness tf may 
be estimated from the two different approaches detailed 
below.

Approach 1: Consistently with requirement (4) of Sec-
tion 5.5.3.3 of EN 1998-1 [16] on beam-column joints, 
the integrity of the joints after diagonal cracking may be 
ensured by reinforcement crossing the diagonal crack 
paths and designed to support the full amount of the 
applied joint shear force. Thus, the required jacket 
thickness is estimated neglecting the contribution of the 
diagonal strut that forms in the joint on account of the 
uncertain restraining action of the jacket when placed in 
the complex 3-D geometry of the connection. In deriv-
ing the equations that follow, the FRP fibres are taken 
oriented in the horizontal and/or vertical direction (in 
case of inclined fibres at an angle b with respect to the 
beam axis, the result for the required thickness obtained 
from Eqs. (49) is further divided by (1 + cotb)sinb). The 
required amounts are obtained from the following ex-
pression:
– If the FRP fibres are oriented in the horizontal direc-

tion, then, tf = tf,h:
 

(49a)t
V

h Ef,h
Rd j,h

b f fdε
=

γ

– If the FRP fibres are oriented in the vertical direction, 
then, tf = tf,ν:

 

ε
=

γ ν (49b)t
V

h Ef,v
Rd j,

c f fd

with gRd equal to 1.5.

of a serious earthquake, particularly when considering the 
range of test variables that would need to be documented 
in a round robin experimental campaign.

A note of caution is in order however: In order to 
be effective as a confining mechanism, FRP jacketing in 
beam-column joints should restrain lateral expansion of 
the encased strut without any risk of debonding failure or 
localized rupture. Because of the geometric complexity of 
actual 3-D frame connections that also include slabs, FRP 
strips must be ingeniously placed in order to achieve uni-
form and effective confinement of the compressive strut 
through the height, length and breadth of the exterior 
joint panel; to a large extent, this depends on the inven-
tiveness and versatility of the engineer that supervises the 
retrofit. Anchorage by mechanical means or by chemical 
anchors is also advisable to eliminate the risk of failure by 
debonding.

The emphasis on resilient retrofit designs, in light of 
the weakness in the method necessarily imparted by the 
decisive dependency on the engineer’s judgement as to 
the proper arrangement of the FRP jacket so as to effect 
the desirable confinement, has led to the development of 
two alternative options in designing FRP-based retrofits 
of beam-column connections. One neglects this confin-
ing contribution in the interest of conservatism and on 
the assumption that unless designed by specialists, this 
type of retrofit may prove inferior to expectations as to 
its confining effectiveness: this option, termed below as 
Approach 1, determines the required amount of FRP rein-
forcement through its function as added shear reinforce-
ment in the joint panel. This generally leads to significant 
amounts of added reinforcement that would need to be 
implemented in the form of strips (EBR or NSM). The 
second alternative considers the benefits of confinement 
provided by a pertinent arrangement of jacket strips in the 
perimeter and the boundaries of the joint, and accounts 
for a concrete contribution term to the shear strength of 
the joint in recognition of the integrity of the encased con-
crete. This option, termed Approach 2, generally leads to 
lesser amounts of required FRP reinforcement.

Fig. 14. a) Calculation of joint shear force Vj from gradient of flexural moments along column or beam line in joint region, b) diagonal strut and definition of 
confinement requirement
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beams; Hn and H are the theoretical and clear storey 
heights.

Upper limit on beam-column joint demand: The 
requirement by EN 1998-1 [16] is enforced, limiting the 
diagonal compression induced in the joint by the diago-
nal strut mechanism in the presence of transverse tensile 
strains.

For interior beam-column joints:

1 – ; 0.6(1 – /250) (55)V f b h fj,h cd
d

j jc ckη
ν
η

η≤ =

hjc is the distance between extreme layers of column re-
inforcement, bj is the effective joint width and νd is the 
normalized axial load ratio exactly above the joint. Coeffi-
cient η accounts for the reduction in strength of the diago-
nal compression strut forming in the joint, due to diagonal 
tension cracking.

For exterior beam-column joints: Vj,h should be less 
than 80 % of the above limit value.

Approach 2: It allows to determine the required jack-
et thickness with fibres oriented in multiple directions 
(multi-axial fabrics with fibres at 0°, 90°, ±45°), [43]. This 
approach is based on the use of the principal tensile stress 
derived combining the joint shear stress νj,h = Vj,h/bchc 
and the axial stress fa = N/bchc. The horizontal shear force 
acting in the joint, Vj,h, is derived from Eq. (51) or Eq. (54) 
and N is the axial load acting on the top column.

The principal tensile stress to be used for determin-
ing the required FRP amount (FRP area, Af) is computed 
from:

–
2 2

– (56)
2

2p
f f

k ft,f
a a

jh cmν= +






+

where: k is a numerical coefficient representing the origi-
nal joint shear capacity and it is equal to 0.30 for beam-
column joints with deformed bars and 0.20 for beam-col-
umn joints with smooth bars; fcm is the mean compressive 
strength of concrete.

In order to calculate the unknown tf, two parameters 
should be calculated: the required FRP area, Af, and the 
design FRP strain, efd.

The FRP area is defined as follows:
Uniaxial fabric – fibres oriented in the horizontal (b = 0°) 
or vertical (b = 90°) direction

for 0
(57a)

for 90
A n t h sin
A n t h cos

f s f b

f s f c

θ β
θ β

= = °
= = °

Bidirectional fabric – fibres oriented in the horizontal and 
vertical direction (b = 0° and b = 90°)

(1 ) (57b)2A n t h cos tanf s f c θ θ= +

Quadriaxial fabric – fibres oriented in the horizontal, ver-
tical and ±45° direction (b = 0°, b = 90° and b = ±45°)

(1 2 ) (57c)2A n t h cos tan tanf s f c θ θ θ= + +

where b is the inclination of fibres with respect to the 
beam axis, ns is the number of joint panel sides strength-

In Eqs. (49) Vj,h and Vj,ν are the design shear forces 
in the joint, assumed to act on a horizontal and a verti-
cal plane through the joint, respectively. Parameter efd 
is the allowable design value of FRP tensile strain that, 
for the case considered, shall not be taken higher than 
0.4 %. An essential requirement is proper anchorage of 
the FRP strips. When FRP reinforcement is not properly 
anchored, FRP strengthening shall not be considered ef-
fective. When more than 2 FRP jacket layers are needed, 
then the reinforcement shall be placed in the form of 
NSM strips and shall be encased transversely by properly 
anchored jacket layers.

For calculating the design values of Vj,h and Vj,ν 
two alternative options are possible; one is based on EN 
1998-1 [16], whereas the other is based on the assessment 
procedures by the KAN.EPE [19]; note that the necessary 
nomenclature is defined with reference to Fig. 14a.

EN 1998-1 [16] (Section 5.5.2.3):
(a) For interior beam-column joints:

1.25( ) – (50a)1 2V A A f Vj,h s s y col= +

(b) For exterior beam-column joints:
1.25 – (50b)1V A f Vj,h s y col=

KAN.EPE [19]:
First the sums of yield moments in the beams and in 
the columns framing into the joint in consideration are 
 calculated. Here, ΣMyb is the sum of yield moments of 
the beams that frame into the joint and ΣMyc is the sum 
of yield moments of the columns that frame into the 
joint.

If ΣMyb < ΣMyc, then the horizontal shear force Vj,h 
is derived from the slope of the column moment diagram 
as follows:

1 – 1 (51)V M
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b n

b,n

b
≈ ∑








while the vertical shear force acting in the joint, Vj,ν, is 
obtained from:
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h
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If ΣMyc < ΣMyb, then the vertical shear force Vj,ν is derived 
by
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while the horizontal shear force Vj,h is obtained from:

(54)V V
h
hj,h j,

c

b
= ν

In the above equations, jdb is the internal lever arm of the 
beam section and jdc is the internal lever arm of columns; 
(Vg + yq,b)l and (Vg + yq,b)r are the shear forces of the beams 
to the left (l) and to the right (r) of the joint due to vertical 
loads that act at the same time with the seismic action. 
Lb,n and Lb are the theoretical and clear half span of the 
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In the case of discontinuous FRP reinforcement 
(FRP strips), Af may be estimated as follows:

( ) (60)
1

A A sinf f,i i
i

n

∑ θ β= +
=

where Af,i = nstfbf and bf is the width of the FRP sheet 
derived as a functiont of the fibres’ inclination as follows:

( )
for (61a)

2

b
w n cos

hf
f str

b

β
β θ= <

( )
for (61b)

2

b
w n sin

hf
f str

c

β
β θ= ≥

where wf is the strip width and nstr is the number of strips 
in the joint panel (Fig. 16).

In the design procedure the joint principal compres-
sive stress, pc, cannot exceed the ultimate compressive 
strength of the joint:

2 2
0.5 (62)

2
2p

f f
fc

a a
jh cmν= +







+ ≤

ened in shear with FRP (1 or 2 sides, Fig. 15), and θ is the 
inclination of concrete compressive strut with respect to 
the beam axis, θ = arctan (hb/hc).

The design FRP strain efd is defined according to 
Eq. (58) and cannot exceed the ultimate FRP strain efu:

34 (58)
2/3 0.6

f
A Efd
cm

f f
ε =








When the FRP strengthening is applied on a repaired sub-
strate, 0.8efd should be used.

Based on the demand given in Eq. (56), the total FRP 
thickness tf (thickness of n plies of FRP reinforcement) 
may be estimated from Eq. (59):

( / )
(59)p

A E

b h sint,f
f f fd

c c

ε
θ

=

Special details at the ends of the FRP strengthening need to 
be provided in order to secure the jacket against debonding 
(e.g. adhesive anchors, NSM details, transverse confining 
wraps). When the FRP reinforcement is not properly an-
chored, FRP strengthening shall not be considered effective.

Fig. 15. Joint panel sides strengthened in shear with FRP: (a) one side (ns = 1) and (b) two sides (ns = 2)

Fig. 16. Joint panel FRP strengthening, width of the FRP sheet: (a) continuous fabric in a generic direction, (b) continuous fabric in horizontal and vertical 
direction and (c) strips in a generic direction
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10 Conclusions

A performance-based framework for designing retrofits 
for RC buildings using FRP materials was developed and 
presented in detail. Consistent models and approaches 
were weaved together to cover the entire range of design 
considerations, including global stiffness requirements, 
strength hierarchies to satisfy capacity design objectives 
in the retrofitted structure and deformation capacities of 
individual structural members to meet the performance 
objectives of the retrofit. Interestingly, it was shown that 
all performance indexes may be linked to measures of 
the lateral confining stress exerted by FRP jackets on the 
encased members; however, the supporting database of 
experiments and attendant calibrated confinement mod-
els are particularly biased, having been obtained solely 
from uniaxial confinement tests with or without embed-
ded reinforcement. It was found that information is scarce 
regarding the performance and deformation capacity of 
members retrofitted with FRP when these are subjected 
to cyclic moment-shear-axial load reversals, the result be-
ing some over-conservatism when defining design values 
for these parameters. Thus, rotation capacity, improved 
anchorage of confined reinforcement and shear strength 
of retrofitted structural members are all subjects that 
warrant further investigation. Detailing the anchorage of 
FRP strips and jackets for beam-column joint retrofits is 
another open issue which, although addressed analytically 
and with design expressions in the present work, will re-
quire particular attention during implementation in order 
to secure efficient confinement of the diagonal compres-
sive struts that support the function of moment and shear 
transfer in this type of element.
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