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Preface Scope and field of application
The information contained in the informative Annex J of BS EN 1992-1-
1:2023 (BSI, 2023b) is intended to provide the designer with rules spe-
cific to the strengthening of structures with adhesively bonded carbon 
fibre reinforced polymer (CFRP) strengthening systems.

The standard covers the following adhesively bonded reinforcement 
(ABR).

	■ Externally bonded reinforcement (EBR) systems, including
	� prefabricated carbon fibre reinforced polymer (CFRP) strips
	� carbon fibre (CF) sheets or pre-impregnated laminates.

	■ Near surface mounted (NSM) systems comprising either
�	 NSM CFRP strips

	� NSM CF bars
	� NSM CF rods.

In the vast majority of cases, the design rules for CFRP link to the 
provisions in BS EN 1992-1-1:2023 as a whole to ensure consistency. 
Instances where this does not occur are acknowledged in this book, and 
an explanation provided for why this has occurred.

Strengthening of concrete structures with CFRP has become fairly com-
mon around the world. However, limitations on available testing results to 
cover all scenarios encountered in design became evident in the develop-
ment of design rules contained in Annex J.

No provisions were given in the second generation Eurocode related to 
design of CFRP strengthening systems for fire resistance.

Aim of this guide
The aim of this book is to provide practising design engineers and other 
code users with examples of the implementation of the provisions of 
BS EN 1992-1-1:2023 pertaining to strengthening of concrete members 
with CFRP. It also aims to provide an understanding of some of the basic 
principles used in BS EN 1992-1-1:2023 regarding strengthening of 
structures with CFRP systems.

The book is aimed at practising engineers who have a sound grasp of 
structural engineering principles, in particular the principles that apply to 
reinforced and prestressed concrete design. It does not set out to repro-
duce significant volumes of information pertaining to manufacturing 
methods of CFRP systems. It does, however, include pertinent informa-
tion where required to support the basic understanding as to how the 
system works or why certain approaches were taken in the development 
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of the standard, as well as key points about the system and its execution 
that may influence design decisions.

In writing this book, the authors observed that some additional content 
could be provided to help designers implement the provisions in 
BS  EN  1992-1-1:2023. They have sought to provide this additional 
content, in particular noting the source of where this has come from. This 
is intended to inform readers where additional content would support 
undertaking design, and provide the authors’ opinion of how they would 
resolve any gaps. Designers and other code users are encouraged to make 
their own assessment of recommendations made in this book outside of 
the provisions of the standard, and to make their own informed decisions 
as to how to implement the provisions of the standard.

Layout of this guide
The British Standard BS EN 1992-1-1:2023 has a national foreword and 
14 sections, together with 19 annexes. Annex J, which is the subject of 
this design guide, consists of 15 subsections numbered J.1 to J.15.

The layout of the guide is not aligned with the structure of BS EN 1992-
1-1:2023. Instead, it uses Harvard referencing style and italics font to 
cite relevant parts of the code. Quotations from other sources, including 
other Eurocodes, and cross-references to sections, etc., of this guide, are 
in roman type. As the guide contains five annexes, it must be noted that 
none of them is aligned with a particular annex in BS EN 1992-1-1:2023.

When the standard is first introduced in a chapter, full in-text citation 
is used, i.e. BS EN 1992-1-1:2023 (BSI, 2023b). When repeated, in-
text citations are shortened to BS EN 1992-1-1:2023. Sections, clauses, 
expressions, figures and tables usually follow the code citation separated 
by a comma – for example

BS EN 1992-1-1:2023, J.5;

BS EN 1992-1-1:2023, J.11.1.2.5;

BS EN 1992-1-1:2023, Formulae 8.56 to 8.62;

BS EN 1992-1-1:2023, Figure J.3;

BS EN 1992-1-1:2023, Table 4.3.

Alternatively, the cross-reference may be described as part of the code – 
for example, Section 3 of BS EN 1992-1-1:2023.
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List of Symbols Where possible, symbols have been adopted from BS EN 1992-1-1:2023 
(BSI, 2023b). In some instances, additional symbols have been used for 
descriptive purposes as outlined below.

equivA 	� Equivalent effective area of tension steel of a member 
strengthened with CFRP with the CFRP transformed into 
an equivalent steel layer and all tension reinforcement 
layers combined as a single layer

,f effA 	 Transformed CFRP area to steel

,1fA 	 Area of a single CFRP sheet

.sc iA 	� Area of compression steel of the thi  layer of tension 
reinforcement with 1i =  corresponding to the layer of 
compression reinforcement with the highest compression 
stress for members in flexure

.st iA 	� Area of tension steel of the thi  layer of tension 
reinforcement with 1i =  corresponding to the layer of 
tension reinforcement with the highest tension stress for 
members in flexure

cF 	 Compression force in concrete

ctF 	 Tension force in concrete

equivF 	 Combined tension components of the cross section

fF , fEdF 	 Force in the CFRP reinforcement

,fEd maxF 	� Force in the CFRP reinforcement generated by the lower 
value of fatigue loading

,fEd minF 	� Force in the CFRP reinforcement generated by the upper 
value of fatigue loading

 sF 	 Force in the steel reinforcement

stF 	� Design force in the CFRP shear stirrup resisting end 
cover separation

,fEd maxFD 	� Maximum value of ,fEd fatFD  between two cracks under 
the fatigue load combination being considered
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,fk BFD 	 Bond resistance between cracks

,cr postI 	� Post-strengthening cracked second moment of area 
(moment of inertia)

,cr preI 	� Pre-strengthening cracked second moment of area 
(moment of inertia)

,Ed shiftM 	� Design value of the applied bending moment after applying 
the shift rule

,Ed SLSM 	 Design value of the applied bending moment at SLS

,Ed strM 	� Design value of the applied bending moment at 
strengthening

pM 	 Prestressing bending moment

postM 	� Additional applied bending moment after strengthening 
(equal to the difference of the total applied moment and 
the moment applied at strengthening)

,Rd preM 	� Design value of bending moment resistance of the 
unstrengthened reinforced or prestressed concrete member

EdMD 	 Applied bending moment difference between cracks

,Rd preN 	� Design value of axial resistance of the unstrengthened 
reinforced or prestressed concrete member

gT 	 Glass transition temperature

,postad 	� Total deflection generated by the additional applied 
bending moment after strengthening postM

, ,,I post II posta a  � Value of ,postad  calculated for uncracked and fully 
cracked conditions, respectively

,pread 	� Total deflection generated by the applied bending moment 
at strengthening ,Ed strM

, ,,I pre II prea a 	� Value of ,pread  calculated for uncracked and fully cracked 
conditions, respectively



xvii

equivd 	� Equivalent effective depth of a member strengthened with 
CFRP strengthening with the CFRP transformed into an 
equivalent steel layer and all tension reinforcement layers 
combined as a single layer

fd 	 Effective depth of CFRP reinforcement

fvd 	� Effective depth of CFRP strengthening, measured from 
the top of CFRP shear strengthening to the steel tension 
reinforcement

.sc id 	� Effective depth of compression steel of the thi  layer of 
tension reinforcement with 1i =  corresponding to the 
layer of compression reinforcement with the highest 
compression stress for members in flexure

.st id 	� Effective depth of compression steel of the thi  layer of 
tension reinforcement with 1i =  corresponding to the layer 
of tension reinforcement with the highest tension stress for 
members in flexure

std 	 Effective depth of total steel reinforcement in tension

,bfk maxf 	 Characteristic maximum resistance of an end anchorage

*
bfRdf 	� Adhesive bond resistance component of the intermediate 

crack resistance to be used for simplified fatigue design 
method

ffD 	 Stress change in CFRP under the fatigue load combination

, 2fRd fatfD 	� Fatigue stress in the CFRP system subject to N* stress 
cycles

fh 	 Height of shear strengthening

maxh 	� Maximum distance from centre of gravity to extreme 
concrete fibre

1k 	 Concrete strength reduction factor

2k 	 Factor for the depth of resultant compression force

sn 	� Factor depending on the configuration of the CFRP shear 
strengthening system (fully wrapped or open)
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n	 Total number of CFRP stirrups crossing a crack

m	� Number of CFRP stirrups crossing a crack with anchorage 
length less than characteristic maximum value of effective 
bond length

 fp 	 Bonded perimeter of the EBR CFRP system

,Ed SLSq 	 Applied UDL at SLS

,Ed strq 	 Applied UDL at strengthening

s	� Slip of the CFRP reinforcement or spacing of steel shear 
reinforcement

1f ks 	 Slip of the CFRP reinforcement at maximum bond stress

,f maxs 	 Maximum spacing of individual CFRP strips

mz 	� Lever arm between tension and compression forces in 
a member subject to flexure for use with the simplified 
method for determining internal forces and stresses for 
intermediate crack debonding checks

fEa 	� Distance between the end of the CFRP strengthening and 
the nearest point of zero moment (including a point of 
contraflexure in a hogging zone)

b 	� Angle of inclination of a CFRP shear strengthening 
relative to an axis perpendicular to the span of the member 
being strengthened

bote 	 Strain in concrete at the outermost tension fibre

,cu ce 	� Ultimate compression strain of concrete confined with 
CFRP, which has value of 0.006 unless more accurate 
information is available

2,c ce 	� Compressive strain concrete, at which the bilinear stress 
strain curve for concrete confined with CFRP changes 
gradient, taken as 0.00175

,c poste 	� Strain in concrete generated by the additional applied 
bending moment after strengthening postM
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,c pree 	� Strain in concrete generated by the applied bending 
moment at strengthening ,Ed strM

equive 	� Equivalent strain in tension reinforcement of a member 
strengthened with CFRP, with the CFRP transformed into 
an equivalent steel layer and all tension reinforcement 
layers combined as a single layer

fe 	 Strain in CFRP reinforcement

,h rupe 	 Hoop rupture strain of CFRP confining reinforcement

tope 	 Strain in concrete at the outermost compression fibre

.sc ie 	� Strain in the thi  layer of compression reinforcement 
with 1i =  corresponding to the layer of compression 
reinforcement with the highest compression stress for 
members in flexure

.st ie 	� Strain in the thi  layer of tension reinforcement with 1i =  
corresponding to the layer of tension reinforcement with 
the highest tension stress for members in flexure

0e 	� Strain at the soffit of a reinforced or prestressed concrete 
member at the time of strengthening (also called CFRP 
pre-strain)

hk 	� Factor determining the contribution of clamping force to 
the intermediate crack debonding resistance

critl 	� Limiting slenderness for isolated members below 
which second order effects may be neglected for CFRP 
strengthened columns

equivs 	� Equivalent stress in tension reinforcement of a member 
strengthened with CFRP, with the CFRP transformed into 
an equivalent steel layer and all tension reinforcement 
layers combined as a single layer

fs 	 Stress in the CFRP reinforcement

,c posts 	� Stress in concrete generated by the additional applied 
bending moment after strengthening postM
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,c pres 	� Stress in concrete generated by the applied bending 
moment at strengthening ,Ed strM

,s posts 	� Stress in steel generated by the additional applied bending 
moment after strengthening postM

,s pres 	� Stress in steel generated by the applied bending moment at 
strengthening ,Ed strM

.sc is 	� Strain in the thi  layer of compression reinforcement 
with 1i =  corresponding to the layer of compression 
reinforcement with the highest compression stress for 
members in flexure

.st is 	� Strain in the thi  layer of tension reinforcement with 1i =  
corresponding to the layer of tension reinforcement with 
the highest tension stress for members in flexure

( )b st 	� Bond-slip law describing the relationship between the 
shear stress between the CFRP and concrete substrate and 
the slip required to generate this shear stress

postx 	� Depth of the neutral axis corresponding to the additional 
applied bending moment after strengthening postM

prex 	� Depth of the neutral axis corresponding to the applied 
bending moment at strengthening ,Ed strM
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Chapter 1
Introduction to fibre reinforced 
polymer strengthening systems  
for concrete structures

General
Fibre reinforced polymer (FRP) strengthening of concrete structures has become more com-
monly used over the last couple of decades. FRP strengthening systems rely on high-strength 
tension fibres contained within a fibre/polymer matrix to provide additional tensile strength to 
concrete structural members subjected to flexure, shear and torsion, or to confine concrete columns 
to increase compression resistance. Commonly used FRP strengthening systems comprise either  
carbon, aramid, glass or basalt fibres. Efficient use of FRP material is achieved by aligning fibres 
with the tension forces that are resisted in a structure being strengthened or those that arise from 
confining effects.

FRP strengthening systems obtain their structural properties from the fibres that are embedded 
within a polymer matrix. The surrounding polymer matrix binds the fibres together and facilitates 
load share between them. The surrounding polymer material can also provide resilience against 
accidental impacts as well as protection from environmental conditions such as ultraviolet (UV) 
light. There are a variety of systems on the market, some have uni-directional fibres and some have 
multidirectional fibres.

FRP strengthening is commonly achieved by adhering an FRP fabric or plate to the exterior sur-
face or notching the surface to embed a bar or rod, as shown in Figure 1.1. Other systems that are 
used with some frequency include embedding FRP bars or rods within concrete members or fix-
ing prestressed FRP to external surfaces of a concrete member fastened to a concrete surface with 
mechanical anchors. An illustration of the deep embedment technique is shown in Figure 1.2. The 
systems shown in Figure 1.1 are the only systems covered by BS EN 1992-1-1:2023 (BSI, 2023b).

FRP strengthening continues to become more popular with time because it has a higher tensile 
strength than steel. This means that the weight of structural components used for strengthening is 
lower than it would be with steel, bringing installation benefits and adding relatively little dead 
load to a structure. FRP is also a very light and easy-to-transport solution compared to solutions 
such as steel plate strengthening.

It has disbenefits on cost. Material costs are generally higher than steel. Labour costs of surface 
preparation are additional to this. Therefore, the selection of the system needs to carefully consider 
all aspects of installation prior to ensuring its economic viability.

https://doi.org/10.1108/978-1-83549-934-420251001
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Standardisation in BS EN 1992-1-1:2023 was undertaken only for carbon fibre reinforced polymer 
(CFRP) strengthening. This was simply because this application was the only FRP strengthening 
system that had a large enough database of necessary information to cover all aspects addressed in 
the code. Other strengthening systems commonly available on the market are glass fibre or aramid 
fibre reinforced polymer (GFRP and AFRP) strengthening systems.

Figure 1.1  Illustration of beams strengthened in flexure with strengthening systems covered in 
Annex J (Adapted from BS EN 1992-1-1:2023)

Figure 1.2  Illustration of shear strengthening with deep embedded FRP strengthening method
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Strengthening applications covered by the standard
All CFRP strengthening systems covered in BS EN 1992-1-1:2023 are adhesively bonded reinforc-
ing (ABR) systems which are not prestressed. This standard covers the following ABR systems.

	■ Externally bonded reinforcement (EBR) systems which include CFRP bars, sheets and 
strips, bonded to the external surface of concrete with adhesive that provides bond to  
the surface as illustrated in Figure 1.1a.

	■ Near surface mounted (NSM) systems which are strengthening systems that require a  
slot to be cut into the concrete cover of the strengthened structure, into which a bar or 
strip is bonded as illustrated in Figure 1.1b.

Figure 1.3 outlines the terminology used in BS EN 1992-1-1:2023 for CFRP strengthening.

Production methods
Al-Mahaidi and Kalfat (2018) explain that carbon fibres are created from a precursor material 
which is used to create filament yarns. The precursor material is commonly polyacrylonitrile, with 
also rayon or petroleum pitch being used. The filaments are taken through a heating and oxidisation 
process to create the fibres which are then coated to protect them from damage. These fibres are 
then woven into fabrics or pultruded into laminates (strips) or bars.

There are various production and installation methods available to produce a strengthening system 
from the bare fibres. Production of the CFRP strengthening material from the bare fibres varies. 
The systems covered by BS EN 1992-1-1:2023 (BSI, 2023b) are listed below along with a brief 
summary of how they are produced.

■	 CFRP EBR sheets.
	● Wet lay-up sheets – this is a system where a dry fibre matrix (either uni- or multidirectional) 

is impregnated with compatible saturating resin on site. The resin, along with compatible 
primers, adhere the CFRP matrix to the strengthened surface of the structure.

Figure 1.3  CFRP strengthening systems covered by BS EN 1992-1-1:2023
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	 This is a popular method of applying CFRP, owing to its flexibility, and can be used in 
a wide variety of applications, including systems that require wrapping around corners 
(e.g. shear strengthening and column confinement).

	● Pre-impregnated sheets – in this system, a dry fibre matrix is pre-impregnated with resin 
prior to transport to site. The fibre matrix is partially cured ahead of installation. On site, 
additional resin may be added when the sheets are installed, and heating may be required 
to cure the resin. The benefit of the system is that it can be faster and easier to install and 
provide shorter curing times.

	■ CFRP EBR or NSM strips.
	● EBR strips are pre-cured offsite, with the resin to bind fibres together being applied in 

a controlled factory environment. These systems can be formed to a variety of shapes. 
The pultrusion method is often used to produce these strips. The pultrusion process 
undertakes the following steps
	{ The fibres are first fed through a preforming guide to achieve the required fibre 

orientation.
	{ The reinforced fibres then undergo resin impregnation in a ‘wet-out’ bath of polymer.
	{ The reinforced fibres with the resin are then passed through a heated die. In this 

process the fibres begin to solidify.
	{ Near the end of the heating process the resin temperature will become higher than the 

die, and a separation process begins where the cured profile can be removed from the 
die, leaving the strips.

	■ CFRP NSM bars or rods.
	● Round bars are often manufactured using the pultrusion process described above.
	● Bars and plates are also manufactured using the pultrusion process described above.

Product specification
At the time of producing this standard, there was no harmonised EN standard to cover the pro-
duction of the CFRP strengthening material. However, European Assessment Documents (EADs) 
were being prepared for the European Organisation for Technical Approvals (EOTA), which will 
enable European Technical Assessments (ETAs) to be produced. These will provide a basis on 
which suppliers can obtain certification of their product under the European Construction Directive 
(CE marking).

The intention of the drafting group who produced Annex J was to ensure that it would enable use 
of these ETAs when they become available. This was achieved by including statements referring 
to ‘production data’ or ‘more accurate information’ in the annex.

Additionally, these ETAs are likely to cover systems not included in the standard, such as deep 
embedded bars for shear strengthening, or externally prestressed systems.

At the time of writing this book, EAD 160086-00-0301 – Kits for the strengthening of concrete 
elements by externally bonded CFRP strips (EOTA, 2019) was not yet granted and, therefore, was 
not available.

ETAs provide manufacturers with a route to producing a CE mark for a product that is not covered 
by a harmonised European standard. It is the European Union (EU) Construction Products Regula-
tions (CPR) that enables this route. A product that complies with an ETA can, therefore, be used 
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throughout the European Union and any other country that utilises the EU CPR. Use of these 
documents in a country outside of the jurisdiction of the EU CPR may need confirmation of its 
validity for use or agreement to its use as part of a project specification.

Assessment for strengthening
Assessment of a structure for strengthening may be undertaken for a variety of reasons. As stated in 
TR55 (Concrete Society, 2013), this can include a change in load regime (e.g. change of use for a 
building or changes in bridge loading standards), to cater for changes in standards since a structure 
was constructed, to add reinforcement to an under-designed structure or one not constructed cor-
rectly, to address concerns regarding observed deterioration, or to add reinforcement for alterations 
(e.g. around holes cut into floor slabs in buildings to enable services or stairs to be added).

BS EN 1992-1-1:2023 includes a new Annex I dedicated to the assessment of concrete structures. 
The annex includes the following items

	■ methods to enable determination of characteristic material properties for assessment to avoid 
conservative properties being used

	■ adjusting partial material factors where testing is used to determine material properties
	■ deterioration
	■ calculating bond and anchorage lengths of plain bars in a way that is  consistent with the 

method for ribbed bars
	■ dealing with detailing that doesn’t conform to the current standard
	■ more rigorous assessment provisions for assessment of shear resistances of members without 

shear reinforcing using Critical Shear Crack Theory (Muttoni and Fernandez Ruiz, 2008)
	■ using the beneficial effect of compression concrete flanges to increase shear strength, shown 

in various sources–as illustrated in Giaccio (2003).

The methods in this annex should be exhausted prior to implementing strengthening to ensure 
sustainable and cost-effective solutions are developed and unnecessary strengthening is avoided.
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Chapter 2
Materials

General
As stated earlier, the design rules in Annex J of BS EN 1992-1-1:2023 (BSI, 2023b) were written 
when harmonised European standards for production and execution were not available, so flex-
ibility was needed in the provisions.

The intent of Annex J is to enable planned development of European Assessment Documents 
(EADs) to be used (normally cited as relevant product standards or more accurate information 
available from tests data) in an effort to ensure that future developments are not prevented by 
standardisation in BS EN 1992-1-1:2023. ISO 10406-1:2015 (ISO, 2015a), ISO 10406-2:2015 
(ISO, 2015b) and ISO 10406-3:2019 (ISO, 2019b) provide methods to obtain some relevant design 
properties, and these have been referenced when available. BS EN 2561:1996 (BSI, 1996) and  
ISO 527 (ISO, 2019a) also provide methods to determine properties for FRP systems.

The code only caters for strengthening systems and approaches where sufficient databases exist to 
substantiate code based on the reliability required in the Eurocode standards. This precludes vari-
ous systems described throughout this book which are in use. These could potentially be covered 
under future EADs or ETAs.

Partial factors
Provided that all provisions in this standard are complied with, failure mechanisms for the CFRP 
system arise from either rupture of the CFRP material or bond failure at the interface between the 
CFRP system and the concrete. Two sets of partial factors for resistance differentiate between the 
possible mechanisms of failure. These are provided in Table 2.1.

Table 2.1  Partial factors for CFRP systems

https://doi.org/10.1108/978-1-83549-934-420251002
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In situ lay-up CF sheets generally have higher partial factors than CFRP bars and strips. This, in 
part, reflects the fact that they are impregnated with resin to bond the carbon fibres together on site, 
hence do not have factory controls on geometry of the complete CFRP product and, therefore, have 
more variability in resistance.

Material properties
CFRP is a non-ductile linear elastic material which generally has a higher tensile strength compared 
with ordinary reinforcement steel. Its modulus of elasticity depends on how it is produced and can vary 
significantly for different systems. The modulus of elasticity of CFRP is also generally low as a ratio to 
yield strength when compared to ordinary reinforcing steel. A typical stress-strain diagram is shown in 
Figure 2.1 which illustrates a typical commercially available system alongside ordinary reinforcement 
(with post yield hardening not considered).

Mechanical properties
The characteristic short-term tensile strength of CFRP, fukf , will depend on the CFRP strengthening 
system used and the supplier that produces it. This property should be obtained from a supplier. 
The material is prone to reductions in strength over time, owing to effects of the environment (such 
as being in an alkaline environment or exposure to high or low temperatures) and creep under 
sustained loading. The design value of the tensile strength fudf , therefore, needs to be factored to 
account for such strength reductions, as is shown in Equation 2.1.

 
 
f fuk

fud
f

f
f

h

g
= � (2.1)

Where

 fh  is the reduction applied to the short-term tensile strength to account for environmental condi-
tions and produce the design tensile strength.

fg  is the partial material factor given in Table 2.1.

Figure 2.1   Typical stress-strain diagram for the CFRP material
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