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[bookmark: _Toc445729939][bookmark: _Toc132813330][bookmark: _Toc119720311]European foreword
This document (prEN 1998-3:2023) has been prepared by Technical Committee CEN/TC 250 “Structural Eurocodes”, the secretariat of which is held by BSI. CEN/TC 250 is responsible for all Structural Eurocodes and has been assigned responsibility for structural and geotechnical design matters by CEN.
This document is currently submitted to the CEN Enquiry.
This document will supersede EN 1998-3:2005.
The first generation of EN Eurocodes was published between 2002 and 2007. This document forms part of the second generation of the Eurocodes, which have been prepared under Mandate M/515 issued to CEN by the European Commission and the European Free Trade Association.
The Eurocodes have been drafted to be used in conjunction with relevant execution, material, product and test standards, and to identify requirements for execution, materials, products and testing that are relied upon by the Eurocodes.
The Eurocodes recogniserecognize the responsibility of each Member State and have safeguarded their right to determine values related to regulatory safety matters at national level through the use of National Annexes.

[bookmark: _Toc445729940][bookmark: _Toc132813331][bookmark: _Toc119720312]Introduction
0.1 [bookmark: _Toc85833531][bookmark: _Toc132813332][bookmark: _Toc119720313][bookmark: _Toc445729941]Introduction to the Eurocodes
The Structural Eurocodes comprise the following standards generally consisting of a number of parts:
· EN 1990 Eurocode — Basis of structural and geotechnical design
· EN 1991 Eurocode 1 — Actions on structures
· EN 1992 Eurocode 2 — Design of concrete structures
· EN 1993 Eurocode 3 — Design of steel structures
· EN 1994 Eurocode 4 — Design of composite steel and concrete structures
· EN 1995 Eurocode 5 — Design of timber structures
· EN 1996 Eurocode 6 — Design of masonry structures
· EN 1997 Eurocode 7 — Geotechnical design
· EN 1998 Eurocode 8 — Design of structures for earthquake resistance
· EN 1999 Eurocode 9 — Design of aluminium structures
· New parts are under development, e.g. Eurocode for design of structural glass
The Eurocodes are intended for use by designers, clients, manufacturers, constructors, relevant authorities (in exercising their duties in accordance with national or international regulations), educators, software developers, and committees drafting standards for related product, testing and execution standards.
NOTE	Some aspects of design are most appropriately specified by relevant authorities or, where not specified, can be agreed on a project-specific basis between relevant parties such as designers and clients. The Eurocodes identify such aspects making explicit reference to relevant authorities and relevant parties.
0.2 [bookmark: _Toc85833532][bookmark: _Toc119720314][bookmark: _Toc132813333]Introduction to EN 1998 (all parts)
EN 1998 (all parts) defines the rules for the seismic design of new buildings and engineering works and the assessment and retrofit of existing ones, including geotechnical aspects, as well as temporary structures.
NOTE	This standard also covers the verification of structures in the seismic situation during construction, when required.
Attention should be paid to the fact that, for the design of structures in seismic regions, the provisions of EN 1998 should be applied in addition to the relevant provisions of EN 1990 to EN 1997 and EN 1999. In particular, EN 1998 should be applied to structures of consequence classes CC1, CC2 and CC3, as defined in EN 1990:2023, 4.3. Structures of consequence class CC4 are not fully covered by the Eurocodes but may be required to follow EN 1998, or parts of it, by the relevant Authorities.
By nature, perfect protection (a null seismic risk) against earthquakes is not feasible in practice, namely because the knowledge of the hazard itself is characterized by a significant uncertainty. Therefore, in Eurocode 8, the seismic action is represented in a conventional form, proportional in amplitude to earthquakes likely to occur at a given location and representative of their frequency content. This representation is not the prediction of a particular seismic movement, and such a movement could give rise to more severe effects than those of the seismic action considered, inflicting damage greater than the one described by the Limit States contemplated in this Standard.
[bookmark: _Toc85833533]Not only the seismic action cannot be predicted, but in addition, it should be recognized that engineering methods are not perfectly predictive when considering the effects of this specific action, under which structures are assumed to respond in the non-linear regime. Such uncertainties are taken into account according to the general framework of EN 1990, with a residual risk of underestimation of their effects.
EN 1998 is subdivided in various parts: 
EN 1998-1-1, Eurocode 8 — Design of structures for earthquake resistance – Part 1-1: General rules and seismic action 
EN 1998-1-2, Eurocode 8 — Design of structures for earthquake resistance – Part 1-2: Buildings;
EN 1998-2, Eurocode 8 — Design of structures for earthquake resistance – Part 2: Bridges;
EN 1998-3, Eurocode 8 — Design of structures for earthquake resistance – Part 3: Assessment and retrofitting of buildings and bridges:
EN 1998-4, Eurocode 8 — Design of structures for earthquake resistance – Part 4: Silos, tanks and pipelines, towers, masts and chimneys
EN 1998-5, Eurocode 8 — Design of structures for earthquake resistance – Part 5: Geotechnical aspects, foundations, retaining and underground structures 
0.3 [bookmark: _Toc132813334][bookmark: _Toc119720315]Introduction to prEN 1998-3
prEN 1998-3 was developed because:
· For many existing structures, seismic resistance was not considered during the original construction, whereas non-seismic actions were catered for, at least by means of traditional construction rules;
· Seismic risk evaluations in accordance with present knowledge may indicate the need for retrofitting campaigns;
· Damage caused by earthquakes may create the need for major repairs, associated with large costs.
Seismic risk mitigation policies may differentiate between “active” and “passive” seismic assessment and retrofitting programmes.
· [bookmark: _Toc85833534]“Active” programmes may require owners of certain categories of structures to meet specific deadlines for the completion of the seismic assessment and – depending on its outcome – of the retrofitting. The categories of structures selected to be targeted may depend on the associated seismic risk, which depends on hazard, site conditions and vulnerability, and/or on the consequence class and occupancy, or, finally on the perceived vulnerability of the structure (as influenced by type of material and construction, size, age of the structure and contemporary design code, etc.);
· “Passive” programmes associate seismic assessment – possibly leading to retrofitting – with other events or activities related to the use of the structure and its continuity, such as a change in use that increases occupancy or consequence class, remodelling above certain limits (as a percentage of the area or of the total value of the structure), repair of damage after an earthquake, etc.
Therefore, this standard only provides technical clauses. The choice to apply it to a certain type of structure depends on the choice of the Authority concerned or the Project Owner, depending on the risk mitigation approach considered.
The choice of the Limit States to be verified, as well as the return periods of the seismic action ascribed to the various Limit States, may depend on the adopted programme for assessment and retrofitting. The relevant requirements may depend on the cost of the retrofitting works to be undertaken, in relation with the final accepted risks. In “passive” programmes triggered by remodelling, the relevant requirements may gradate with the extent and cost of the remodelling work undertaken.
Unlike new structures, where the mechanical and physical properties of the materials can be prescribed at the time of the project, existing structures can only be partially known, depending on the reconnaissance carried out and the methods of investigation applied. Therefore, the assumed properties for the analysis of these structures are tainted by uncertainties, all the more important as the knowledge resulting from the survey is limited. The conclusions of the assessment, and of the eventual retrofitting design, consequently suffer from inherent uncertainty and there remains a low probability of failure, even when the provisions of this standard have been met.
This standard addresses only the structural aspects of seismic assessment and retrofitting, which may correspond to a single component of a broader strategy for seismic risk mitigation. The conditions under which seismic assessment of individual buildings or bridges – possibly leading to retrofitting – may be required are beyond the scope of this standard. This standard will apply once the requirement to assess a particular structure has been established, in the situation where this structure is dynamically independent of the neighbouring ones. This standard may be applied also when the structure is connected to other structures not explicitly modelled, provided that the structural interaction may be neglected, or it is considered in the model through equivalent constraints and/or added masses.
In cases of low seismic action class (see prEN 1998-1-1:2022, 4.1(4)), this standard may be adapted to local conditions by appropriate National Annexes. The concept of risk-based assessment may be adopted in this context, in particular by countries in low seismicity areas.
In seismic retrofitting situations, qualitative verifications for the identification and elimination of major structural defects are very important and should not be discouraged by the quantitative analytical approach proper to this part of Eurocode 8. Preparation of documents of more qualitative nature is left to the initiative of the National Authorities.
0.4 [bookmark: _Toc132813335][bookmark: _Toc119720316]Verbal forms used in the Eurocodes
The verb “shall” expresses a requirement strictly to be followed and from which no deviation is permitted in order to comply with the Eurocodes.
The verb “should” expresses a highly recommended choice or course of action. Subject to national regulation and/or any relevant contractual provisions, alternative approaches could be used/adopted where technically justified.
The verb “may" expresses a course of action permissible within the limits of the Eurocodes.
The verb “can" expresses possibility and capability; it is used for statements of fact and clarification of concepts.
0.5 [bookmark: _Toc85833535][bookmark: _Toc132813336][bookmark: _Toc119720317]National annex for prEN 1998-3
National choice is allowed in this standard where explicitly stated within notes. National choice includes the selection of values for Nationally Determined Parameters (NDPs).
The national standard implementing prEN 1998-3 can have a National Annex containing all national choices to be used for the assessment and retrofitting of buildings and bridges to be constructed in the relevant country.
When no national choice is given, the default choice given in this standard is to be used.
When no national choice is made and no default is given in this standard, the choice can be specified by a relevant authority or, where not specified, agreed for a specific project by appropriate parties.
National choice is allowed in prEN 1998-3 through notes to the following clauses:
	4.1(2)
	4.1(3)
	4.2.2(8)
	5.4.4(1)

	8.2.4.1(2)
	8.6.4.3(10)
	10.2.1(3)
	A.3(2)


National choice is also allowed in prEN 1998-3 on the application of the following informative annexes:
	Annex A
	Annex B
	Annex C
	Annex D

	Annex E
	Annex F
	
	


The National Annex can contain, directly or by reference, non-contradictory complementary information for ease of implementation, provided it does not alter any provisions of the Eurocodes. 


[bookmark: _Toc132813337][bookmark: _Toc119720318]Scope
[bookmark: _Toc132813338][bookmark: _Toc119720319]Scope of prEN 1998-3
(1) This document is applicable to the assessment and retrofitting of buildings and bridges in seismic regions, namely as given in a) to c):
a) To provide criteria for the assessment of the seismic performance of existing individual buildings and bridges;
b) To describe the procedure to be followed in selecting necessary corrective measures;
c) To set forth criteria for the design of retrofitting measures (i.e. design, structural analysis including intervention measures, final dimensioning of structural parts and their connections to existing structural members).
NOTE 1	For the purposes of this standard, retrofitting covers both the seismic upgrading (e.g. strengthening or adding a passive system) of undamaged structures and the repair and possible upgrading of earthquake-damaged structures.
NOTE 2	Annex E gives flowcharts for the application of this standard.
(2) Unless specifically stated, prEN 1998-1-1and1 and prEN 1998-5 apply.
(3) Reflecting the performance requirements of prEN 1998-1-1:2022, 4.1, this standard covers the seismic assessment and retrofitting of buildings and bridges made of the more commonly used structural materials: concrete, steel and composite, timber and masonry.
NOTE	Annexes B, C and D contain additional guidance related to the assessment of reinforced concrete, timber and masonry structures, respectively, and to their retrofitting when necessary.
(4) This standard is intended for the assessment of individual structures, to decide on the need for structural intervention and to design the retrofitting measures that may be necessary. It is not intended for the vulnerability assessment of populations or groups of structures in seismic risk evaluations for various purposes (e.g. for determining insurance risk, for setting risk mitigation priorities, etc.).
(5) This standard provides (in its material-specific Clauses 8 to 11) criteria for the verification of the more common retrofitting techniques currently in use.
(6) This document gives specific rules for the assessment and retrofitting relevant to existing buildings and bridges of consequence classes CC1, CC2 and CC3, as defined in EN 1990:2023, 4.3.
(7) Although the provisions of this standard are applicable to all common categories of buildings and bridges, the seismic assessment and retrofitting of monuments and heritage structures often requires different types of provisions and approaches, depending on the nature of the monuments.
[bookmark: _Toc132813339][bookmark: _Toc119720320]Assumptions
(1) The assumptions of prEN 1998-1-1:2022, 1.2, are assumed to be applied.
(2) The provisions of this standard assume that the data collection and tests are performed by experienced personnel and that the engineer responsible for the assessment, the possible design of the retrofitting and the execution of work has appropriate experience of the type of structures being upgraded or repaired.
(3) Inspection procedures, checklists and other data-collection procedures should be documented and filed and should be referred to in the assessment/design documents.
[bookmark: _Toc132813340][bookmark: _Toc119720321]Normative references
The following documents are referred to in the text in such a way that some or all of their content constitutes requirements of this document. For dated references, only the edition cited applies. For undated references, the latest edition of the referenced document (including any amendments) applies.
NOTE	See the Bibliography for a list of other documents cited that are not normative references, including those referenced as recommendations (i.e. in ‘should’ clauses), permissions (‘may’ clauses), possibilities ('can' clauses), and in notes.
EN 1990:2023, Eurocode — Basis of structural and geotechnical design
prEN 1998-‑1-‑1:2022, Eurocode 8 –— Design of structures for earthquake resistance –— Part 1-1: General rules and seismic action
prEN 1998-‑1-‑2:2023, Eurocode 8 — Design of structures for earthquake resistance — Part 1-2: Buildings
prEN 1998-‑2:2023, Eurocode 8 –— Design of structures for earthquake resistance –— Part 2: Bridges
prEN  1998-‑5:2022, Eurocode 8 –— Design of structures for earthquake resistance –— Part 5: Geotechnical aspects, foundations, retaining and underground structures
[bookmark: _Toc56572946]ISO 80000 (all parts) Quantities and units
ISO 80000 (all parts), Quantities and units
[bookmark: _Toc132813341][bookmark: _Toc119720322]Terms, definitions and symbols
[bookmark: _Toc132813342][bookmark: _Toc119720323]Terms and definitions
For the purposes of this document, the terms and definitions given in EN 1990, prEN 1998-1-1:2022, 3.1, prEN 1998-1-2:2023, 3.1 (for buildings), prEN 1998-2:2023, 3.1 (for bridges), and the following, apply.
[bookmark: _Toc119720324]3.1.1
diaphragm
a horizontal or nearly horizontal structural member, such as a floor or roof system, used to transfer inertial lateral forces to vertical members of the seismic action resisting system
[bookmark: _Toc119720325]3.1.2
diaphragm chord
a boundary component perpendicular to the inertial force that is provided to resist tension or compression caused by the diaphragm moment coupling effect
[bookmark: _Toc119720326]3.1.3
diaphragm collector
a component parallel to the inertial force that transfers lateral forces from the diaphragm of the structure to vertical members of the seismic action resisting system
[bookmark: _Toc20932247][bookmark: _Toc96792411][bookmark: _Toc119720327]3.1.4
diaphragm tie (or 
diaphragm strut)
a component parallel to the inertial force that is provided to transfer wall anchorage or diaphragm inertial forces within the diaphragm
[bookmark: _Toc119720328]3.1.5
dominant knowledge level	
the knowledge level in the information category (geometry, construction details, material properties) to which a resistance model is most sensitive
[bookmark: _Toc119720329]3.1.6
knowledge level of construction details (
KLD)
knowledge level of detailing and connections and their amount, depending on the type of structure
[bookmark: _Toc119720330]3.1.7
knowledge level of geometry (
KLG)
knowledge level of geometric properties of the structural system and of the ancillary elements
[bookmark: _Toc119720331]3.1.8
knowledge level of material properties (
KLM)
the knowledge level of mechanical properties of the constituent materials
[bookmark: _Toc119720332]3.1.9
simulated design
a simulated design is a procedure resulting in the definition of sections and connection details and, in the case of reinforced concrete structures, of the amount and layout of reinforcement
[bookmark: _Toc132813343][bookmark: _Toc119720333]Symbols and abbreviations
For the purposes of this document, the symbols and abbreviations given in EN 1990:2023, 3.2, prEN  1998-1-1:2022, 3.2, prEN 1998-1-2:2023, 3.2 (for buildings), and in prEN 1998-2:2023, 3.2 (for bridges), apply.
For the symbols related to materials, as well as for symbols not specifically related to the seismic design situation, the provisions of the relevant Eurocodes apply.
In addition, further symbols and abbreviations, used in connection with the seismic design situation, are defined in the present standard where they occur, for ease of use. However, the most frequently occurring symbols used in prEN 1998-3 are listed and defined in 3.2.2 and additional abbreviations are given in 3.2.3.
[bookmark: _Toc132813344][bookmark: _Toc119720334]Symbols
[bookmark: _Toc330368454][bookmark: _Toc475370415][bookmark: _Toc354300219][bookmark: _Toc484691209][bookmark: _Toc494123038][bookmark: _Toc20932251]Symbols used in Clause 8 and Annex B
Upper case Latin symbols
Ac	Column cross-section area
Acompr	Full area of compression zone (rectangular or not)
Af	Horizontally projected cross-sectional area of FRP (fibre-reinforced polymer) strip/sheet with thickness tf, width wf and angle between the fibre direction and the axis of the member (= tfwfsin)
As	Cross-sectional area of longitudinal steel reinforcement
Ash	Total cross-sectional area of horizontal wall reinforcement
Asv	Total cross-sectional area of vertical wall reinforcement
Asw	Cross-sectional area of stirrup
CRd,c	Correction factor to be used in Formula (8.76)
D	Diameter of circular sections
Do	Centreline diameter of circular hoop
Ef	FRP (fibre-reinforced polymer) elastic modulus
Es	Modulus of elasticity of steel reinforcement
Hi	Total height of storey i
K	Strength enhancement factor due to confinement
Le	Effective bond length
LV = M/V	Shear span at member end
N	Axial force (positive for compression)
Nb,compr	Number of bars near the extreme compression fibres
R	Radius of FRP at chamfered corners of a rectangular section or around a circular one
Rc	Confining medium radius, equal to the bending radius of the steel tie
VR,c	Shear resistance of member without web reinforcement
VR,max	Shear resistance as determined by crushing in the diagonal compression strut
Vw	Contribution of transverse reinforcement to shear resistance
Lower case Latin symbols
ac	Confining medium factor
an	Factor for confinement effectiveness within a section
as	Factor for confinement effectiveness along the length of the member or shear-span-ratio
af	Effectiveness factor for confinement by FRP of a rectangular section with corners chamfered by radius R
aV	Factor equal to 1 if shear cracking is expected to precede flexural yielding at the end section, or equal to 0 otherwise
aVz	Tension shift of the bending moment diagram
b	Width of steel straps in steel jacket
bo and ho		Confined core dimensions to the centreline of the perimeter bar
bi	Centreline spacing of longitudinal bars (indexed by i) laterally restrained by a stirrup corner or hook along the perimeter of the cross-section
bw	Width of the cross-section of one web, or width of a wall cross-section
bx, by	Dimensions of a rectangular section with bx < by
c	Concrete cover to reinforcement
cf	Confinement coefficient which depends on the type of FRP
cmin	Minimum concrete cover of lapped bars, or half the clear distance to the closest lap-spliced bar, whichever is smaller
d	Effective depth of section (depth to the tension reinforcement)
d’	Depth to the compression reinforcement
db	Bar diameter
dbL	Diameter of longitudinal tension reinforcement
fc	Concrete compressive strength
fcm	Mean concrete compressive strength
fcc	Confined concrete strength
fcd	Design value of concrete strength
fct	Concrete mean tensile strength
feff	Effective stress for lap-spliced smooth bars
ffdd	Design value of FRP (fibre-reinforced polymer) debonding strength
ffdd,e	Design value of FRP (fibre-reinforced polymer) effective debonding strength
fo	Stress of a smooth bar with a standard 180o hook at its anchorage
fo,b	Maximum stress that a smooth bar can develop at its hook
fo,b0	Maximum stress that a smooth starter bar can develop at the hook of its embedded length
fo,t	Maximum stress that a smooth bar can develop at the hook of its embedded length
fsm	Reduced steel yield strength due to lapping of ribbed longitudinal bars
fu,f	Effective strength of an FRP
fu,fd	Design value of the FRP ultimate strength
fy	Estimated mean value of steel yield strength
fyd	Design value of yield strength of (longitudinal) reinforcement
fyh	 Yield stress of horizontal web bars
fyj,d	Design value of yield strength of jacket steel
fyL	 Yield stress of longitudinal steel bars
fyv	Yield stress of vertical web bars
fyw	Mean yield stress of transverse or confinement reinforcement
h	Depth of cross-section
hb,i	Beam depth at the top of storey i
hw	Depth of the web below the soffit of a slab
kb	Geometrical correction factor
keff	FRP effectiveness factor depending on type of FRP material
kG	Correction factor for design fracture energy (see Formula (8.73))
lb	Embedment length of the bar into the uppermost member the column is connected to (normally a beam)
lb,0	Length of the smooth starter bar connecting the column to the foundation
lo	Lap length
lo,i	Lap length of vertical bars at the base of a column in storey i
loy,min	Lap length beyond which the yield chord rotation is not reduced due to lap splicing
lou,min	Lap length beyond which the ultimate chord rotation is not reduced due to lap splicing
mc	Number of concrete cores
n	Number of longitudinal bars laterally restrained by a stirrup corner or hook along the perimeter of the cross-section
pc	Confining pressure on the lap splice; Aswfyw/(swRc) for confinement by steel ties; tf fu,f/R for confinement by a FRP jacket of thickness tf
s	Centreline spacing of stirrups
sf	Centreline spacing of FRP (fibre-reinforced polymer) strips (= wf for FRP sheets)
sh	Spacing of horizontal wall reinforcement
sv	Spacing of vertical wall reinforcement
sw	Spacing of transverse reinforcement
tf	Thickness of FRP (fibre-reinforced polymer) sheet
tj	Thickness of steel jacket
x	Compression zone (neutral axis) depth
wf	Width of FRP strip or sheet, measured orthogonally to the (strong) direction of the fibres
z	Length of section internal lever arm
zi	Internal lever arm of a column in storey i
Upper case Greek symbols
ΓFd	Design fracture energy
	Post-yield fixed-end rotation due to yield penetration in the anchorage zone beyond the yielding end of the member
Lower case Greek symbols
	Confinement effectiveness factor
β	Angle between the (strong) fibre direction in the FRP strip, sheet or fabric and the axis of the member
βf	Confinement coefficient which depends on the type of material
fd	Partial factor for FRP (fibre-reinforced polymer) debonding
Rd	Partial factor accounting for uncertainty in the ultimate deformation (resistance) which depends on different Knowledge Levels KLG, KLD, and KLM
δ	Angle between the diagonal and the axis of a column co,c	concrete strain at fc, which should be taken equal to 0,002
cu	Unconfined concrete ultimate strain
cu,c	Confined concrete ultimate strain for rectangular, circular or triangular compression zone
f,ed	Maximum allowable strain in the FRP  (may be taken equal to 0,005)
εsu	Ultimate strain of tension reinforcement
εsu,nom	Uniform elongation at tensile strength in a standard steel coupon test
εsu,w	Ultimate strain of confinement reinforcement
εsu,ribbed,laps		Reduced ultimate strain of extreme tension ribbed bars due to lap-splicing
u,f	FRP (fibre-reinforced polymer) ultimate strain
	Chord rotation strut inclination angle in shear design
cr	Angle of the diagonal crack on a wall
y	Chord rotation at yielding of concrete member
y,slip	Chord rotation at the top and bottom end of a column in storey i at yielding of concrete member
u	Ultimate chord rotation of concrete member
	Plastic part of chord rotation
Reduced plastic part of ultimate chord rotation due to lap-spliced ribbed reinforcement
	Basic value of plastic part of chord rotation
	Correction factor of ultimate chord rotation of concrete member for an axial force other than 0
	Correction factor of ultimate chord rotation of concrete member for concrete strength different from 25 MPa
Correction factor of ultimate chord rotation of concrete member for confinement of concrete due to transverse bars
	Correction factor of ultimate chord rotation of concrete member for non-conformity with seismic design rules based on ductility: 1 if it conforms, 0,78 otherwise
	Correction factor of ultimate chord rotation of concrete member for asymmetrical reinforcement
κshearspan	Correction factor of ultimate chord rotation of concrete member for a shear span different from 2,5
λsection	Correction factor of plastic hinge length for section width
λshearspan	Correction factor of plastic hinge length for shear span
λaxial	Correction factor of plastic hinge length for axial load
μΔ	Displacement ductility factor
μΔpl	Plastic part of displacement ductility factor
	= N/bhfc (b width of compression zone)
ρ	Tensile reinforcement ratio in reinforced concrete members
ρd	Steel ratio of diagonal reinforcement
ρf	Volumetric ratio of FRP (fibre-reinforced polymer)
s	Geometric steel ratio
ρtot	Total longitudinal reinforcement ratio
ρsv	Volumetric ratio of transverse reinforcement defined as the volume of confining hoops over the volume of concrete core
ρsw	Ratio of transverse reinforcement in reinforced concrete members
ρv	Vertical web reinforcement ratio
ρh	Horizontal web reinforcement ratio
φ	Angle of inclined bars to the base section of a concrete wall
ϕu	Ultimate curvature calculated from section analysis at end section
ϕy	Yield curvature calculated from section analysis at end section
, ´	Mechanical reinforcement ratio of tension and compression reinforcement
Symbols used in Clause 9
Upper case Latin symbols
A	Gross cross-sectional area of a structural steel member
	Gross cross-sectional area of a structural steel bolt
	Gross cross-sectional area of a steel column
	Effective net cross-sectional area
	Gross cross-sectional area
	Effective cross-sectional shear area
	Modulus of elasticity of structrural steel material
	Fracture parameter
	Shear modulus of structural steel material
	Moment of inertia of the bare steel cross section about the axis of bending
	Elastic stiffness of a structural member for linear analysis
	Fracture toughness parameter
	Elastic stiffness of the semi-rigid partial-strength beam-to-column joint
	Centerline length of the steel beam between joints
	Unbraced length of the steel beam
	Average unrestrained buckling length of the gusset plate of the bracing-end connection
	Shear span
	Bending moment in strong axis bending in the seismic design situation
	Bending moment in weak axis bending in the seismic design situation
	Effective flexural resistance at yield
	Effective flexural resistance at yield of a composite-steel beam under sagging
	Effective flexural resistance at yield of a composite-steel beam under hogging
	Effective flexural resistance at ultimate
	Effective flexural resistance at ultimate of a composite-steel beam under sagging
	Effective flexural resistance at ultimate of a composite-steel beam under hogging
	Axial load in the seismic design situation
	Effective buckling resistance of a structural member
	Axial load in the column due to non-seismic actions in the seismic design situation
	Tensile resistance of structural steel member
	Expected axial resistance at yield of structural steel member
	Effective resistance at yield
	Residual resistance
	Effective resistance at ultimate
	Effective resistance at ultimate
	Effective resistance at yield or at ultimate, whichever is applicable
	Effective shear resistance at yield
	Elastic cross-sectional modulus
	Elastic cross-sectional modulus in y-y axis bending
	Elastic cross-sectional modulus in y-y axis bending
	Effective width of gusset plate at the hinge zone
Lower case Latin symbols
	Dimension of the smaller flange or web thickness that is not welded
	Steel material post-yield hardening ratio
	Distance of bolt centerline to bottom end of the T-stub flange
	Distance between one row of fasteners in the T-stub flange (or in the split-tee flange) and the centreline of the stem
	Width or depth of a part of a cross section
	Depth of the edge of hollow structural steel cross section parallel to the direction of the seismic action
	Distance from the centre of the split-tee stem to the edge of the split-tee flange fillet
	Nominal yield strength of structural steel material
	Lower-bound ultimate tensile strength of structural steel material
	Nominal ultimate tensile strength of rivet or bolt
h	Full depth of steel cross section
	Cross-sectional radius of gyration of a steel beam about its z-z axis
	Least number of connecting bolts between two steel members
q	Behaviour factor
s	Shape factor accounting for uncertainty in the deformation capacity at the limit state of Near-Collapse for links in eccentric bracings
	Thickness
	Thickness of a seat angle
	Flange thickness
	Thickness of the flange or web of the smaller member in a spliced connection
	Thickness of gusset (or flange) plate
	Thickness of the T-stub stem
	Web thickness
w	Length of the flange angle or split tee
Lower case Greek symbols
	Partial factor accounting for uncertainty in the ultimate deformation (resistance) which depends on different Knowledge Levels KLG, KLD, and KLM
y	Deformation at yield
	Deformation capacity corresponding to the limit state Damage Limitation (DL)
	Deformation capacity corresponding to the limit state Near-Collapse (NC)
	Plastic deformation from ultimate to collapse
u	Deformation at ultimate
	Plastic deformation from yield to ultimate
c	Deformation at collapse (loss of load carrying capacity of a member)
	Chord rotation over the member’s length at yield
	Chord rotation over the member’s length at collapse
	Plastic rotation at post-ultimate for flexural hinges of a steel beam
	Plastic rotation from yield to ultimate for flexural hinges of a steel beam
	Plastic rotation from yield to ultimate of a composite-steel beam under sagging
	Plastic rotation from yield to ultimate of a composite-steel beam under hogging
	Normal stress effect
	Nominal tensile strength of splices made with partial joint penetration groove welds
	Material randomness factor
[bookmark: _Toc494533592][bookmark: _Toc494550069][bookmark: _Toc494550800][bookmark: _Toc494551258][bookmark: _Toc494551587][bookmark: _Toc494551916][bookmark: _Toc494552245][bookmark: _Toc497500126][bookmark: _Toc497500465][bookmark: _Toc498017169][bookmark: _Toc498961853][bookmark: _Toc499101445][bookmark: _Toc499227076][bookmark: _Toc499231466][bookmark: _Toc484691211][bookmark: _Toc494123040][bookmark: _Toc20932253]Symbols used in Clause 10 and Annex C
Upper case Latin symbols
A	Diaphragm gross area
An	Diaphragm net area
B	Diaphragm width with respect to in-plane loads
Em	Elastic modulus of uncracked masonry
Fa	Inertial force on diaphragm
Gd0	Diaphragm equivalent in-plane shear stiffness
Gd0,eff	Diaphragm effective equivalent in-plane shear stiffness accounting for condition assessment
La	Diaphragm span with respect to in-plane loads
Nc,I,d	Design normal compressive loading in the rafter in respect with the front heel
Nc,II,d	Design normal compressive loading in the rafter in respect with the rear heel
Nc,d	Design normal compressive loading in the rafter
Nc,i,d	Design normal compressive loading in the rafter according to each Double Step Joint heel
Nc,max,d	Maximal design normal compressive loading in the rafter of the Double Step Joint
Nc,tot,d	Total design normal compressive loading in the rafter of the Double Step Joint
Tan	Diaphragm in-plane natural period
Lower case Latin symbols
b	Tie beam width
dr	Diaphragm in-plane drift
fa	Inertial force per unit span length on diaphragm
fc,0,k	Characteristic compressive strength parallel to the grain, in N/mm2
fc,90,k	Characteristic compressive strength perpendicular to the grain, in N/mm2
fc,α,k	Characteristic compressive strength at an angle  to the grain, in N/mm2
fc,0,mean	Mean compressive strength parallel to the grain, in N/mm2
fc,90,mean	Mean compressive strength perpendicular to the grain, in N/mm2
fc,α,mean	Mean compressive strength at an angle  to the grain, in N/mm2
fv,mean	Mean shear strength of timber parallel to the grain, in N/mm2
g	Acceleration of gravity
hi	Lower inter-story height
hs	Upper inter-story height
lv	Shear length
lv,eff	Effective shear length taking into account the extent of the non-uniform shear stress distribution along the grain at the heel depth in the tie beam
kc,90	Factor taking into account for the load configuration, possibility of splitting and degree of compressive deformation
kcr	Reducer factor of the beam width by considering the impact of cracks on the shear strength 
kmod	Modification factor for duration of load and moisture content
kv,red	Reduction coefficient taking into account the non-uniform shear stress distribution at the heel depth along the grain in the tie beam
map	Diaphragm tributary seismic mass
qap	Diaphragm in-plane behaviour factor
tef,1	Effective length in the rafter side
tef,2	Effective length in the tie beam side
ti	Out-of-plane loaded masonry wall thickness, for the level beneath the diaphragm
ts	Out-of-plane loaded masonry wall thickness, for the level above the diaphragm
tv	Heel depth
vEd	Design in-plane unit shear force on diaphragm
vRd	Design diaphragm in-plane unit shear strength
vR,k	Diaphragm characteristic value of in-plane unit shear strength
Upper case Greek symbols
Δmax,i	Maximum diaphragm in-plane deflection
Lower case Greek symbols
α	Angle between a force and the direction of the grain
αm	Modification factor accounting for the stiffness contribution of out-of-plane loaded walls on diaphragm equivalent in-plane shear stiffness
β	Rafter skew angle
γ	Inclination angle of the bottom-notch surface according to the grain
γM	Partial factor for material properties
	Inclination angle of the front-notch surface to the normal of the grain in the tie beam
μd	Diaphragm in-plane ductility factor
φ	Condition assessment factor
[bookmark: _Toc499968202][bookmark: _Toc499969817][bookmark: _Toc499970142][bookmark: _Toc494533600][bookmark: _Toc494550071][bookmark: _Toc494550802][bookmark: _Toc494551260][bookmark: _Toc494551589][bookmark: _Toc494551918][bookmark: _Toc494552247][bookmark: _Toc497500128][bookmark: _Toc497500467][bookmark: _Toc498017171][bookmark: _Toc498961855][bookmark: _Toc499101447][bookmark: _Toc499227078][bookmark: _Toc499231468][bookmark: _Toc484691212][bookmark: _Toc494123041][bookmark: _Toc20932254]Symbols used in Clause 11 and Annex D
Upper case Latin symbols
D	In-plane horizontal dimension of the wall, length in the case of piers and depth for spandrels
D´	Depth of the compressed area at the end section of the pier
E	Elastic modulus of masonry 
F*	Total horizontal force of the equivalent SDOF system, for partial out-of-plane mechanisms
	Resistance at DL Limit State, in terms of force, in the equivalent SDOF system, for partial out-of-plane mechanisms 
Fy	Horizontal resistance, in terms of force, of the equivalent SDOF system, for partial out-of-plane mechanisms
G	Shear modulus of masonry
Gk	Permanent actions (self-weights) carried by the k-th block, applied at the centre of gravity of the block
Gd	Equivalent shear modulus of the shell that models the horizontal diaphragm
H	Length of the masonry member, height of the pier and span of the spandrel
H0	Distance between the section where the flexural resistance is attained and the contraflexure point
Hi(j)	Distance between the section i (j) and the contraflexure point 
Kd	In-plane stiffness of floor system 
Li	Total work of internal forces in the connections between blocks, for the infinitesimal activation of the partial out-of-plane mechanism
N 	Number of blocks in the kinematic chain of a partial out-of-plane mechanism
NS	Minimum between the tensile resistance of the horizontal member attached to the spandrel and the compressive resistance of the diagonal equivalent masonry strut 
Pu	Diagonal force at failure in diagonal compressive tests on masonry panels
Q1,k	Variable actions Q1,k carried by the k-th block, applied at the centre of gravity of the block
Q2,k	Sum of all variable actions not carried by the k-th block but generating on it a horizontal seismic force proportional to 
Q3,k	Sum of all variable actions applied to the k-th block, which do not generate seismic forces
SDe	Elastic displacement response spectrum
Se	Elastic acceleration response spectrum
SeZ	Elastic acceleration floor response spectrum, at level z in the building
T0	Initial period, for partial out-of-plane mechanisms
T1	First period of vibration of a building, in the direction of verification of the partial out-of-plane mechanism
TSD	Linear equivalent period for the evaluation of the displacement demand at SD limit state, of the equivalent SDOF system, for partial out-of-plane mechanisms
TNC	Linear equivalent period for the evaluation of the displacement demand at NC limit state, of the equivalent SDOF system, for partial out-of-plane mechanisms
Vd	Shear resistance of a masonry member failing in diagonal cracking
Vd,lim	Shear resistance of masonry members due to failure of units
Vf	Shear resistance of a masonry member failing in flexure
Vs	Shear resistance of a masonry member failing in shear sliding
Vs,units	Limitation of Vs due to the failure of masonry units
VR	Shear resistance of masonry members
Z	Parameter of the force-deformation relationship in the case of hybrid failure mode  
Zf	Parameter of the force-deformation relationship in the case of flexural failure 
Zs/d	Parameter of the force-deformation relationship in the case of shear sliding or diagonal cracking failure
X1, X2, X3 	Elastic moduli (E or G) of the two external wythes and of the inner core, in the case of three-leaf masonry
Lower case Latin symbols
aZ	Peak floor acceleration at level z, from acceleration floor spectra
b	Correction coefficient related to the shear stress distribution in the middle section of the panel, related to the aspect ratio of the panel
c	Coefficient of restitution of the partial out-of-plane mechanism 
cP,w	Correction factor for masonry wall w, which takes into account torsion effects 
cE,w,i	Correction factor for masonry wall w at level i, which takes into account torsion effects and higher mode effects in elevation
d	Target displacement evaluated by the equivalent bilinear SDOF system, result of the transformation of the pushover curve from non-linear static analysis
dC	Displacement of the reference control point of the partial out-of-plane mechanism
dC0	Displacement of the reference control point of the partial out-of-plane mechanism for which the horizontal multiplier is reduced to zero
du	Ultimate displacement capacity of the equivalent SDOF system, derived from the pushover curve obtained by the non-linear static analysis; Value of the displacement of the reference control point of the partial out-of-plane mechanism corresponding to a 40% drop of the horizontal seismic multiplier
du2	Value of the displacement of the reference control point of the partial out-of-plane mechanism corresponding to 60% drop of the horizontal seismic multiplier
d*	Displacement of the equivalent SDOF system
dDL	Displacement of the equivalent SDOF system at DL Limit State
dSD	Displacement of the equivalent SDOF system at SD Limit State
dNC	Displacement of the equivalent SDOF system at NC Limit State
dy	Displacement at the yield point of the equivalent bilinear SDOF system, evaluated until the displacement corresponding to the Limit State of NC; Displacement of the equivalent SDOF system at maximum resistance, for partial out-of-plane mechanisms
det	Displacement of the control node obtained by linear analysis, with consideration of accidental torsion effects
det,w	Average displacement of the wall w at the level where the control displacement is defined, in order to consider the torsion effects
dt	Target displacement of the control node obtained by non-linear static analysis
dt,w	Displacement of the wall w at the level where the control displacement is defined, obtained by non-linear static analysis corresponding to the target displacement of the control node
f	Vertical compressive strength of masonry
fb	Normalised compressive strength of masonry units
fbt	Tensile strength of masonry units
fh	Horizontal compressive strength of masonry
fht	Horizontal tensile strength of masonry at the end section of the spandrel member
ft	Diagonal tensile strength of masonry 
fv	Shear strength of masonry 
fv0	Initial shear strength of modern masonry and regular pre-modern masonry, in the case of shear sliding failure; assumed as representative of the cohesion of the mortar joint 
	Initial shear strength of pre-modern regular masonry, in the case of diagonal cracking failure
fLS	Factor for amplifying the deformation demand in masonry members, in the case of linear analysis
g	Acceleration of gravity
hi	Interstorey height at the storey below level i
ld	Distance between two opposite walls of a floor area (diaphragm)
lr	Rise of vault
lv	Span of vault
m	Number of external forces, not related to the seismic action, applied to the blocks of the partial out-of-plane mechanism
m*	Mass of equivalent SDOF system, for partial out-of-plane mechanisms
n	Number of direct tests carried out for the Bayesian updating of material properties
qLM	Behaviour factor of partial out-of-plane mechanisms
ri	Rotation at the end section i of the masonry member
	Standard deviation from experimental results of the material property (strength or stiffness), for the updating of the a-priori distribution by the Bayesian approach
t	Thickness of a masonry member (wall, pier, spandrel)
t1, t3	Thickness of the two external wythes, in the case of three-leaf masonry
t2	Thickness of the inner core, in the case of three-leaf masonry
td	Conventional thickness of the shell that models the horizontal diaphragm
u0	Lateral displacement at the contraflexure point of the masonry member
ui	Lateral displacement at the end section i of the masonry member
uLS	Limit value of the ratio between the spectral acceleration causing yielding of the equivalent SDOF model and the spectral acceleration seismic action effect, for the limit states of SD and NC
uw,i	Average horizontal displacement of the wall w at level i
w	Unit weight of masonry 
z	Vertical position (height) in the building, for acceleration floor spectra  
	Mean value from the experimental results of the material property (strength or stiffness), for the updating of the a-priori distribution by the Bayesian approach
Upper case Greek symbols
	Transformation factor, for partial out-of-plane mechanisms
Lower case Greek symbols
	Horizontal seismic multiplier for partial out-of-plane mechanisms, ratio of the applied horizontal inertial actions to the corresponding permanent dead loads
	Horizontal seismic multiplier that activates partial out-of-plane mechanisms
GQ1y,k	Vertical displacement of the centre of gravity of the permanent actions Gk and variable actions Q1,k, applied to the k-th block, for an infinitesimal activation of the mechanisms
GQ12x,k	Horizontal displacement of point of application of the resultant of horizontal forces (Gk + Q1,k+ Q2,k) applied to the k-th block, in partial out-of-plane mechanism
Q3,k	Displacement of the point of application of the variable actions Q3k, in the direction of the force itself, evaluated for an infinitesimal activation of the mechanisms
r	Normal deformation at compressive failure of the weakest of the two external wythes, in the case of three-leaf masonry
	Testing error related to the measurement of material properties
	Interlocking coefficient for a regular pattern masonry, defined as the ratio between the height of the masonry units and the length of overlapping (operationally, it is the tangent of the average inclination of the possible stair-stepped cracks)
	Coefficient taking into account testing error and variability in the building of material properties
’	Coefficient taking into account the accuracy of testing procedure (experimental test and correlation with the mechanical property)
”	Coefficient taking into account the variability of the mechanical property in the building, with respect to the dispersion within the whole masonry type
	Slenderness of the block, for partial out-of-plane mechanisms
	Local friction coefficient at the mortar joint
	Equivalent friction coefficient of pre-modern regular masonry, in the case of diagonal cracking failure
’	Mean value of the a-priori distribution of the material property (strength or stiffness) to be updated through experimental results using the Bayesian approach
ν	Normalised axial load 
0	Mean axial stress in masonry member: i) for piers, mean vertical stress in the transverse section of the panel; ii) for spandrels, the greater between the mean horizontal stress and the vertical stress, calculated by considering the distributed dead load possibly transferred from the horizontal diaphragms and/or the vertical stresses induced by the adjacent piers
y	Mean vertical compressive stress acting on the horizontal joints at the end sections of the spandrel 
’	Standard deviation of the a-priori distribution of the material property (strength or stiffness) to be updated through experimental results by the Bayesian approach
	Deformation seismic action effect (drift ratio) in a masonry member 
d,i	In-plane angular deformation of a diaphragm, at level i 
e	Member drift ratio 
i(j)	Chord rotation at the end section i (j) of the masonry member
d,u	Ultimate chord rotation of the masonry member failing in diagonal cracking
d,u2	Second ultimate chord rotation of the masonry member failing in diagonal cracking
f,u	Ultimate chord rotation of the masonry member failing in flexure
f,u2	Second ultimate chord rotation of the masonry member failing in flexure
s,u	Ultimate chord rotation of the masonry member failing in shear sliding
s,u2	Second ultimate chord rotation of the masonry member failing in shear sliding
u	Ultimate member drift, corresponding to a drop in the shear force with respect to the peak value
u2	Second ultimate member drift, wherein the shear force is further reduced with respect to that at u (by an amount that depends on the failure mechanism) with respect to the maximum shear resistance
w,i	Wall interstorey drift ratio between levels i-1 and i
y	Member drift at yielding, corresponding to the attainment of the maximum shear strength
DL	Member drift at the DL limit state
SD	Member drift at the SD limit state
NC	Member drift at the NC limit state
et,w,i	Interstorey drift ratio w,i of wall w at the i-th storey, obtained by linear analysis, with consideration of accidental torsion effects 
et,w,i	Interstorey drift ratio w,i of wall w at the i-th storey, obtained by non-linear static analysis, corresponding to the target displacement 
SD	Equivalent damping ratio at SD limit state, of the equivalent SDOF system, for partial out-of-plane mechanisms
NC	Equivalent damping ratio at NC limit state, of the equivalent SDOF system, for partial out-of-plane mechanisms
	Coefficient for the interpolation of parameters of the masonry member force-deformation relationship in the case of hybrid mode of failure
[bookmark: _Toc132813345][bookmark: _Toc119720335]Abbreviations
AFRP	Aramid Fibre Reinforced Polymer
c.o.v.	coefficient of variation
CFRP	Carbon Fibre Reinforced Polymer
CJP	Complete Joint Penetration groove welds
CLT	Cross-laminated timber
CVN	Charpy-V Notch impact testing
DL	Damage Limitation limit state
DSJ	Double Step Joint
FRP	Fibre Reinforced Polymer
GFRP	Glass Fibre Reinforced Polymer
KL	Knowledge level
KLD	Knowledge Level on Details
KLG	Knowledge Level on Geometry
KLM	Knowledge Level on Materials
LS	Limit State
LVL	Laminated veneer lumber
NC 	Near Collapse limit state
NDT	Non-Destructive Technique
NS	NDT or SDT, depending on the testing methodology used
OSB	Orientated strand board
PAF	Polyacetal Fibre
PJP	Partial-Joint Penetration groove welds
RC	Reinforced concrete
SD	Significant Damage limit state
SDOF	Single Degree of Freedom system
SDT	Semi-Destructive Technique
SSJ		Single Step Joint 
URM	Unreinforced Masonry
[bookmark: _Toc132813346][bookmark: _Toc119720336]S.I. Units
[bookmark: _Hlk87811413]S.I. Units in accordance with ISO 80000 shall be used.
For calculations, the following units should be used when applicable:
· forces and loads:	kN, kN/m, MN/m
· length, displacement:	m, mm
· unit mass:	kg/m3, t/m3
· mass:	kg, t
· weight density:	kN/m3
· stresses and strengths:	Pa (=N/m2), kPa (kN/m2), MPa (= MN/m2)
· moments (bending, etc.):	kNm
· acceleration:	m/s2


[bookmark: _Toc132813347][bookmark: _Toc119720337][bookmark: _Hlk130460651]Basis of design
[bookmark: _Toc132813348][bookmark: _Toc119720338]Performance requirements
1. [bookmark: _Hlk118108322][bookmark: _Hlk118108281]The performance requirements shall refer to the state of damage in the structure, herein described through the Limit States (LS) defined in prEN 1998-1-1:2022, 4.3(1).
1. A seismic action should be associated with each Limit State to be verified. This seismic action should be characterised by its return period TLS,CC according to prEN 1998-1-1:2022, 4.3(3), or, alternatively, by a performance factor LS,CC according to prEN 1998-1-1:2022, 4.3(5).
[bookmark: _Ref43818095]NOTE	The minimum values to be ascribed to TLS,CC or, alternatively, to  LS,CC for each type of selected existing structure can be provided by the relevant authorities or can be found in the National Annex. They can be lower than those used for new structures, if lower values of t,LS,CC are accepted for existing structures compared to those specified for new structures. Lower values of t,LS,CC in the service life tL can reflect a shorter residual service life of an existing structure. 
1. The seismic performance of the structure should be verified for the full set or a subset of the four Limit States; as a minimum, the Near Collapse LS should be verified.
NOTE 1	Since existing structures in general do not possess the adequate ductility ensured in new ones by means of capacity design and detailing for local ductility, verification of the LS of Significant Damage for a certain intensity does not necessarily imply verification of the LS of Near Collapse for a higher one.
NOTE 2	The types of structures to which this standard applies and the choice of the Limit States to be verified for each type of existing structure can be provided by the relevant authorities or can be found in the National Annex, and they can be different from those used for new structures. 
1. [bookmark: _Ref43818102]In application of prEN 1998-1-1:2022, 6.1(4), in the cases of low and moderate seismic action class (prEN 1998-1-1:2022, 4.1(4)), the seismic performance of structures may be verified by means of the force-based approach, using the q values in 6.3.1(1) and the seismic action for the Near Collapse LS.
NOTE	The force-based approach relies on global ductile behaviour and redistribution capacity of the structure. Its application to existing structures is thus approximate and only reduced values of , corresponding to member overstrength, can be used. As a result, the method is conservative. If the outcome of the verification is negative, this can be due to this conservatism, rather than to an actual deficit of the structure. The state of the structure can be re-assessed via a more accurate displacement-based approach to calibrate the retrofit design.
[bookmark: _Toc132813349][bookmark: _Toc119720339]Compliance criteria for existing structures
[bookmark: _Toc494123047][bookmark: _Toc20932260][bookmark: _Ref43820903][bookmark: _Toc96792425][bookmark: _Toc132813350][bookmark: _Toc119720340]Specificity of existing structures
1. The structural model should be validated against observed damage (if present), before using it for the verification of seismic resistance.
NOTE	Repairing and retrofitting or upgrading of seismically damaged structures has specific features both in terms of assessment procedures and intervention techniques.
1. The effectiveness of retrofitting interventions should be verified in the case of application to masonry walls with severe cracks that affect the original interlocking among members.
1. When designing a structural intervention for resistance against seismic actions, structural verifications should also be made with respect to non-seismic situations.
1. Different sets of material and structural partial factors should be used, as well as different analysis procedures, depending on the completeness and reliability of the information available.
NOTE	Since existing structures: (i) reflect the state of knowledge at the time of their construction, (ii) possibly contain hidden gross errors, (iii) have possibly been submitted to previous earthquakes or other accidental actions with possibly unknown effects, (iv) have possibly been modified during their service life in a way that can affect their structural performance, structural evaluation and possible structural intervention are typically subjected to a higher degree of uncertainty (reduced level of knowledge) than the design of new structures.
[bookmark: _Toc475370421][bookmark: _Toc354300225][bookmark: _Toc484691217][bookmark: _Toc494123048][bookmark: _Toc20932261][bookmark: _Ref43903843][bookmark: _Ref43910137][bookmark: _Toc96792426][bookmark: _Toc132813351][bookmark: _Toc119720341]Verification rules
(1) Compliance with 4.1 shall be achieved by adoption of the seismic action, modelling, method of analysis, and verification procedures contained in this standard, in complement to prEN 1998-1-1 and prEN 1998-5, as appropriate for the different structural materials (i.e. concrete, steel, timber, masonry) and type of structures (buildings and bridges) within its scope.
(2) A certain number of the existing structural members may be designated as secondary seismic members, in accordance with the definitions in prEN 1998-1-2:2023, 4.4.2, for buildings and prEN 1998-2:2023, 4.3.2, for bridges.
(3) In bridges, a certain number of the secondary seismic members may be designated as “sacrificial”. These members may be neglected in modelling and verification and may be heavily damaged, so long as their failure mode does not endanger life safety and the integrity of other structural members and allows for the possibility of local repair.
NOTE	See 12.3.2 for criteria for selecting and examples of such members.
(4) Unless higher level (reliability) methods are employed (prEN 1998-1-1:2022, Annex F), safety verifications should be carried out using the partial factor method, according to EN 1990:2023, 8.
(5) [bookmark: _Ref43910154]Design values of action effects (Ed) should be expressed according to EN 1990:2023, 8.3.2.1(1), including all relevant actions for the seismic combination (permanent, variable, seismic). For the application of this general expression in the present Eurocode part, the following definitions of symbols should be applied.
Sd	is a partial factor considering uncertainty in modelling the action effects, depending on the state of the structure, and being equal to 1,0 for undamaged structures, and 1,15 otherwise;
AEd	is the design value of the seismic action, appropriate for the Limit State to be verified (see 4.1(3)).
NOTE 1	Sd accounts for the lower reliability of analysis results obtained when modelling structures affected by aging, deterioration and possibly damaged by a previous seismic event (e.g. when assessment is part of retrofitting after an earthquake).
(6) Design values of the resistance (Rd) should be expressed according to the general expression given in EN 1990:2023, 8.3.5.1(1). For the application of this general expression in the present standard, the following definitions of symbols should be applied.
Rd	is a partial factor accounting for uncertainty in the resistance (strength or deformation) model, calculated according to note 2 of prEN 1998-1-1:2022, 6.7.2(1);
Xd,i	is the design value of the i-th material or product property. For existing materials Xd is obtained from tests of in situ properties and from additional sources of information, according to 5.5(1) to (3). For added materials, design values are obtained according to 5.5(4) and (5), respectively.
NOTE 2	The partial factor Rd accounts for: a) target reliability; b) uncertainty in the relevant variables describing geometry, details and material properties entering the resistance model, including their statistical uncertainty of estimation based on limited sample size, plus the model error of the resistance model itself. The values of logarithmic standard deviation as a function of KL are given in this standard.
(7) The verifications of design values of action effects derived from (5) against the design value of corresponding resistances derived from (6) should be performed in terms of either generalised stresses or generalised deformations, depending on the type of approach (force-based or displacement-based) and failure mode.
NOTE 1	Appropriate criteria are given in Clause 6.
NOTE 2	While the outcome of safety verifications is binary (Ed is either higher, or equal/lower than Rd) reporting the ratio of the action effect to the resistance for each verification can be useful for the selection of the intervention scheme when needed.
(8) [bookmark: _Ref43910159]Verifications against brittle mechanisms and instabilities shall be performed with an appropriate reliability.
(9) (8) may be considered satisfied when the resistance to non-brittle mechanisms which limits the action effects to be considered (in capacity design) in calculating the resistance to brittle mechanisms duly accounts for overstrength. If hardening is accounted for in non-linear analysis (with values of the post-yield to pre-yield stiffness ratio not lower than 5%, unless properly justified), the overstrength factors given in prEN 1998-1-1:2022, 7.2.4 and 7.3.1, may be reduced.
NOTE 1	Relevant criteria are given in Clauses 6 and 8 to 12.
NOTE 2	Overstrength factor (see prEN 1998-1-1) accounts for unfavourable deviations of material properties (e.g. fy) from mean values and for hardening.
(10) Design values of action effects (Ed) and of the corresponding resistances (Rd) may be compared in either local or global terms, depending on the modelling and method of analysis adopted, as specified in Clauses 6 and 8 to 12.
[bookmark: _Toc475370422][bookmark: _Toc354300226][bookmark: _Toc484691218][bookmark: _Toc494123049][bookmark: _Toc20932262][bookmark: _Ref43903852][bookmark: _Toc96792427][bookmark: _Toc132813352][bookmark: _Toc119720342]Verification of Limit States
[bookmark: _Toc475370423][bookmark: _Toc354300227][bookmark: _Toc484691219][bookmark: _Toc494123050][bookmark: _Toc20932263]General
(1) For each Limit State considered in the verification, action effects should be calculated using one of the methods given in Clause 6 for the seismic action defined in 4.1(2). Resistances should be based on requirements given in 4.2.3.2 to 4.2.3.5 and 5.5, using the relevant criteria given in Clauses 6 and 8 to 12.
[bookmark: _Ref461102540][bookmark: _Toc475370424][bookmark: _Toc354300228][bookmark: _Toc484691220][bookmark: _Toc494123051][bookmark: _Toc20932264]Limit State of Near Collapse (NC)
(1) Resistances should be based on appropriately defined ultimate conditions in terms of strength or deformation parameters, depending on the type of verification to be carried out, accounting for the effect of strength degradation under cyclic loading.
(2) When this limit state is exceeded, it should be reported whether the loss of bearing capacity of the concerned member has the potential to escalate into a global collapse or it is deemed to remain confined in a partial localised collapse. When exceedance of this limit state produces a localised partial collapse, the analysis may also be repeated on the assumption that this exceedance is prevented by structural intervention, and both results should be reported.
[bookmark: _Ref461102543][bookmark: _Toc475370425][bookmark: _Toc354300229][bookmark: _Toc484691221][bookmark: _Toc494123052][bookmark: _Toc20932265] Limit State of Significant Damage (SD)
(1) Resistances should be based on appropriately defined conditions of damage between the elastic limit and the ultimate state according to prEN 1998-1-1:2022, 6.7.2(1), in terms of strength or deformation parameters, depending on the verification to be carried out.
(2) If this limit state is verified in lieu of the Near Collapse one (see 4.1(3)), then the q-factor approach (see 6.4.2) may be used.
[bookmark: _Toc497500142][bookmark: _Toc497500481][bookmark: _Toc498017185][bookmark: _Ref461102548][bookmark: _Toc475370426][bookmark: _Toc354300230][bookmark: _Toc484691222][bookmark: _Toc494123053][bookmark: _Toc20932266]Limit State of Damage Limitation (DL)
(1) Resistances should be based on elastic limit (e.g. yield, for RC or steel structures) values for all structural members for both ductile and brittle failure mechanisms, as well as proper limits for ancillary components, including infills in buildings.
(2) Deformation limits for infills in buildings should be as given in prEN 1998-1-2:2023, 7.4.2.1, as appropriate.
[bookmark: _Toc1944002][bookmark: _Toc8591620][bookmark: _Toc20932267][bookmark: _Ref461102560][bookmark: _Toc475370427][bookmark: _Toc354300231][bookmark: _Toc484691223][bookmark: _Toc494123054][bookmark: _Toc20932268]Fully Operational Limit State (OP)
(1) Resistances should be based on damage of ancillary elements.
NOTE	For a specific project, the relevant parties can specify all ancillary components of interest in the verification, together with a description of relevant damage states for each component and the associated requirements.
(2) The Fully Operational LS may be considered verified if the provisions in prEN 1998-1-1:2022, 6.7.3(7), and in prEN 1998-1-2:2023, 6.3.3(1) (for buildings) or in prEN 1998-2:2023, 6.4.3 (for bridges), are complied with.
[bookmark: _Toc494123055][bookmark: _Toc20932269][bookmark: _Toc96792428][bookmark: _Toc132813353][bookmark: _Toc119720343]General procedure for the assessment and retrofitting design
[bookmark: _Toc494123056][bookmark: _Toc20932270][bookmark: _Toc96792429][bookmark: _Toc132813354][bookmark: _Toc119720344]Seismic assessment in the current state
(1) Information for the structural assessment should be collected, according to 5.2 for input data and in 5.3 and 5.4 for Knowledge Levels. After surveys of geometry (see 5.4.1), a preliminary analysis, as described in 5.4.2 and Annex A, may be used for a) and b):
a) to identify critical portions of the structure, wherein further investigations should be concentrated;
b) to carry out a preliminary assessment of the seismic resistance, in order to decide whether to proceed to a detailed seismic assessment of the structure in its current state or to go directly to the design of retrofitting interventions.
(2) Investigations on details (see 5.4.3) and experimental tests on materials (see 5.4.4) should be carried out, consistently with different possible Knowledge Levels. Representative values for material properties should be as defined in 5.5.
(3) A structural model should be set up, in accordance with prEN 1998-1-1:2022, 6.2, prEN 1998-1-2:2023, 5.1, for buildings, prEN 1998-2:2023, 5.1, for bridges and the additional provisions in 6.3 and specific material-dependent features in 8.3, 9.3, 10.3 or 11.3.
(4) A method of analysis should be chosen (see 6.4), subject to specific conditions for application. In addition to methods of analysis given in prEN 1998:1-1:2022, 6, and in prEN 1998-1-2:2023, 5.3, for buildings and prEN 1998-2:2023, 5.2, for bridges, the distinctive features of existing buildings or bridges should be taken into account.
NOTE	Old structures are not designed for a target seismic performance; hence analysis needs to adapt to the actual structural conditions. This applies, in particular, to non-engineered masonry buildings.
(5) Safety verifications should be carried out, as provided for linear (6.4.3) and non-linear (6.4.4) analyses, as well as for the simplified q-factor approach (in 6.4.2); the latter procedure should be used with low values of q.
NOTE	The q-factor approach is a largely simplified method for existing structures, as the provided q values are relevant only to SD Limit State, and the basic concept behind the q-factor approach, i.e. that ductility requirements remain essentially constant in all parts of the structure, does not generally apply in the case of existing buildings or bridges.
(6) Resistance models should be used, as provided in the relevant material-dependent clauses, in terms of strength (generalised stresses in structural members, see – 8.4.3, 8.4.4, 9.4, … 11.4.1.1) and/or deformation (chord rotations, drifts of masonry members, see 8.4.2, 9.4, … 11.4.1.2).
EDITORIAL NOTE The list of reference will be finalised when Steel and Timber clauses are finalised
(7) Verification criteria for the different materials for the various Limit States should be used, as provided in 8.5, 9.5, 10.7 or 11.5.
[bookmark: _Toc494123057][bookmark: _Toc20932271][bookmark: _Ref94092913][bookmark: _Toc96792430][bookmark: _Toc132813355][bookmark: _Toc119720345]Design of retrofitting
(1) Different alternative options may be considered for the retrofitting interventions, as given in a) to c):
a) retrofitting existing structural members, without a significant change of the structural configuration: for the safety verifications, the same procedure used for the seismic assessment in the current state (see 4.3.1) should be adopted;
b) [bookmark: _Ref94093278]implementation of new structural members that resist part of the seismic action effects: for the safety verifications, the same procedure used for the seismic assessment in the current state (see 4.3.1) should be adopted, with the exception that, for the verification of new members, the appropriate partial factors for displacement-based design, as given in EN 1998-1-2 for buildings and EN 1998-2 for bridges, should be used;
c) [bookmark: _Ref94092916]design of a new structural system to resist all seismic action effects: the verification of the new primary structure should be made by referring either to prEN 1998-1-1, prEN 1998-1-2 or prEN 1998-2, or to prEN 1998-1-1 and prEN 1998-3; the members of the existing structure should be verified as secondary, with regard to compatibility of deformations induced by the primary structure; specific verifications should be done for the connections between primary and secondary systems.
NOTE	In case c), the new structure needs to be stiff enough to limit the deformation of the existing structure.


[bookmark: _Toc132813356][bookmark: _Toc119720346]Information for structural assessment
[bookmark: _Toc330368464][bookmark: _Toc475370429][bookmark: _Toc354300233][bookmark: _Toc484691225][bookmark: _Toc494123059][bookmark: _Toc20932273][bookmark: _Toc96792432][bookmark: _Toc132813357][bookmark: _Toc119720347]General information and history
1. [bookmark: _Toc56572955]In assessing the earthquake resistance of existing structures, the input data should be collected from a variety of sources, including as given in a) to d):
a) [bookmark: _Toc507601953][bookmark: _Toc64408754][bookmark: _Toc85833584]available documentation specific to the structure in question;
b) relevant generic data sources (e.g. contemporary codes, standards and documented practice);
c) field investigations and measurements;
d) destructive, in situ and/or laboratory, and non-destructive tests (that may include in situ measurements of dynamic properties), as described in more detail in 5.2 and 5.4.
1. Field investigations should also aim at identifying all possible threats to life safety posed by ancillary components, such as, e.g., chimneys, cornices, poorly braced equipment, or inadequate configurations (circulation or vulnerable access). These vulnerabilities should be considered in designing retrofitting interventions.
1. The following features should be assured in order to ensure an appropriate inspection: accessibility, visibility, lighting, cleaning of surfaces.
1. Cross-checks should be made between the data collected from different sources to minimise uncertainties. In case of conflicting information, in situ structure-specific information should be relied upon.
[bookmark: _Toc330368465][bookmark: _Toc475370430][bookmark: _Toc354300234][bookmark: _Toc484691226][bookmark: _Toc494123060][bookmark: _Toc20932274][bookmark: _Toc96792433][bookmark: _Toc132813358][bookmark: _Toc119720348]Required input data
1. The information for structural assessment should cover the items defined in a) to i):
a) Identification of the structural system. The information should be collected either from on-site investigation or from original design and/or construction drawings, if available. In the latter case, information on possible structural changes since construction should also be collected.
b) Identification of the type of foundations.
c) Identification of the site conditions as defined in prEN 1998-1-1:2022, 5.1.
d) Information about the overall dimensions and cross-sectional properties of the structural members and the mechanical properties and condition of constituent materials.
e) Information about identifiable material defects and inadequate detailing.
f) Information on the seismic design criteria and the level of seismic action used for the initial design. In the case of non-engineered structures, information on the compliance with the rules of practice normally used in the area.
g) Description of the present and/or the planned use of the structure (with identification of its consequence class, as described in the relevant part of EN 1998).
h) Re-assessment of imposed actions considering the future use of the structure.
i) Information about the type and extent of previous and present structural damage, if any, including earlier repair and retrofitting measures.
1. Depending on the amount and quality of the information collected according to (1), quantitatively expressed through the corresponding Knowledge Levels defined in 5.3, different methods of analysis, as specified in 6, and values of the partial factors, defined in 4.2.2(6), should be adopted.
[bookmark: _Toc330368466][bookmark: _Toc475370431][bookmark: _Toc354300235][bookmark: _Toc484691227][bookmark: _Toc494123061][bookmark: _Toc20932275][bookmark: _Toc96792434][bookmark: _Toc132813359][bookmark: _Toc119720349]Knowledge levels: Definitions
(1) The information collected should be classified into three categories defined in a) to c):
a) Geometry: the geometric properties of the structural system and of such ancillary elements (e.g. masonry infill panels) that may affect the structural response;
b) Construction details: these include, as appropriate, the amount and detailing of reinforcement in reinforced concrete, connections between steel and/or timber members, connections between masonry walls and the nature of any reinforcing elements in masonry, the type of lintels and masonry spandrels, connections of floor diaphragms to the lateral-load resisting structure, etc.;
c) Materials: the mechanical properties of the constituent materials.
NOTE	The investigation of geometric properties extends to all members that affect structural response to the seismic action. This means that some structural members can be excluded, if they can be classified at this stage as secondary, while some ancillary members can be included, like masonry infills, that in general affect stiffness and strength and, especially, when irregularly distributed infills can significantly alter the distribution of action effects.
(2) Amount and quality of the collected information in each category should be expressed through three distinct knowledge levels (KL), as defined in a) to c):
a) KLG: knowledge level on Geometry, as detailed in 5.4.1;
b) KLD: knowledge level on Construction Details, as detailed in 5.4.3;
c) KLM: knowledge level on Material properties (one for each constituent material), as detailed in 5.4.4.
NOTE	These KL are used differently.
(3) Each KL defined in (2) should take one of three distinct values, as defined in a) to c):
a) Minimum.
b) Average.
c) High.
(4) Values of KLs may be different in different areas of the structure. Individual values for each category of information may be determined in different areas of the structure.
[bookmark: _Toc330368467][bookmark: _Toc475370432][bookmark: _Toc354300236][bookmark: _Toc484691228][bookmark: _Toc494123062][bookmark: _Toc20932276][bookmark: _Toc96792435][bookmark: _Toc132813360][bookmark: _Toc119720350]Knowledge levels: identification
[bookmark: _Toc330368469][bookmark: _Toc475370433][bookmark: _Toc354300237][bookmark: _Toc484691229][bookmark: _Toc494123063][bookmark: _Toc20932277][bookmark: _Toc96792436][bookmark: _Toc132813361][bookmark: _Toc119720351]Geometry
(1) For each type of structural member (beam, column, wall, diaphragm, etc.) and area of the structure, the achieved KL on geometry based on the collected information should be defined, based on Table 5.1.
Table 5.1 — KL on Geometry as a function of collected information
	Original design documents
(outline or detailed construction drawings)
	Extent of survey*

	
	L
	E
	C

	Not available
	KLG1
	KLG2
	KLG3

	Incomplete set
	KLG2
	KLG3
	

	Complete set
	KLG3
	
	

	* L: limited; E: extended; C: comprehensive (see 3.1.3)
** For meaning of 1, 2, 3 see 5.4.4.


(2) If discrepancies between the structural drawings and the survey results are significant, a more extensive dimensional survey should be performed (e.g., from limited to extended), or a lower KLG should be adopted.
(3) For each type of structural member (column, wall, beam, diaphragm, etc.), the minimum percentage of members (reinforced concrete or steel) that should be surveyed for dimensions is given by Formula (5.1), depending on the required extend of survey.
	(5.1)
where
	n
	is the total number n of members of this type in the structure, determined according to (5);

	p1 and c
	are coefficients which should be taken from Table 5.2 for each level of survey.


Table 5.2 — Minimum requirements for different levels of survey (vertical members)
	Level of survey
	Limited (L)
	Extended (E)
	Comprehensive (C)

	p1
	200
	250
	300

	c
	0,8
	0,6
	0,5


(4) [bookmark: _Toc330368470][bookmark: _Toc475370434][bookmark: _Toc354300238][bookmark: _Toc484691230][bookmark: _Toc494123064]The values of p1 and c in Table 5.2 should be used for vertical members; for horizontal members, irrespective of the target KL, Limited survey may be undertaken.
NOTE	The level of survey for horizontal members is not taken into account in determining the KL.
(5) For the purpose of determining the number of members n, a) to c) should be applied:
a) Floors should be subdivided into basic units through the intersection with basic axes of the structural system (i.e. a pair of perpendicular axes passing through the mass centre of the floor), while reinforced concrete walls should be considered as one segment per storey.
b) In the case of large walls, extending over more basic axes, wall segments may be further subdivided into smaller units determined through the intersection with basic axes.
c) In the case of masonry buildings, horizontal members (spandrels) and reinforced concrete ring beams should be surveyed if considered in the model.
(6) Conditions of symmetry and repetitiveness should be considered in planning surveys to avoid concentrating efforts on similar members.
NOTE	Considering symmetry and repetitiveness means that the target percentage p of members to be inspected is not achieved by inspecting too many similar members. 
(7) In buildings, members inspected should cover the entire height.
[bookmark: _Toc20932278][bookmark: _Toc96792437][bookmark: _Toc132813362][bookmark: _Toc119720352][bookmark: _Hlk130464367]Preliminary analysis
(1) Once the geometry of the structure is known, a preliminary analysis may be carried out to identify critical portions (e.g. storeys) and members in the structure and inform the planning of inspection of construction details and tests on material properties.
NOTE	The value of preliminary analysis in this context is not necessarily the seismic rating that it delivers but the opportunity it provides to gain a holistic view of potential structural weaknesses. The preliminary analysis, carried out with nominal properties, is in general linear elastic for reinforced concrete, steel frame structures and timber structures, and non-linear static for masonry structures. More detail can be found in Annex A.
(2) If a preliminary analysis is carried out according to (1), further investigations on construction details (5.4.3) and material properties (5.4.4) may be limited to, or focus mainly on, the identified critical portions. In the latter case the total number of members n should refer to the number of members in the identified critical portions.
[bookmark: _Toc330368471][bookmark: _Toc475370435][bookmark: _Toc354300239][bookmark: _Toc484691231][bookmark: _Toc494123065][bookmark: _Toc20932279][bookmark: _Ref58688862][bookmark: _Toc96792438][bookmark: _Toc132813363][bookmark: _Toc119720353]Construction details
(1) [bookmark: _Ref58688864]Destructive inspection methods should in general be preferred. Reliable non-destructive methods may also be adopted in the inspections. Calibration against destructive methods should be carried out to an extent depending on the non-destructive method.
NOTE	Cover removal (to inspect the reinforcement) is an example of destructive method.
(2) For each type of structural member (beam, column, wall, diaphragm, etc.) and area of the structure, the achieved KL on Construction Details based on the collected information should be defined, based on Table 5.3.
Table 5.3 — KL on Construction Details as a function of collected information 
	Original design documents
(detailed structural drawings)
	Inspections*

	
	L
	E
	C

	Not available
	KLD1
	KLD2
	KLD3

	Incomplete set
	KLD2
	KLD3
	

	Complete set
	KLD3
	
	

	* L: limited; E: extended; C: comprehensive (see 3.1.5).
** For meaning of 1, 2, 3 see 5.4.4.


(3) 5.4.1(3) should be applied.
(4) In buildings, members inspected should cover the entire height, unless focusing on an identified critical portion is justified based on a preliminary analysis (5.4.2(2)).
[bookmark: _Toc498961882][bookmark: _Toc499101474][bookmark: _Toc499227105][bookmark: _Toc499231495][bookmark: _Toc498961883][bookmark: _Toc499101475][bookmark: _Toc499227106][bookmark: _Toc499231496][bookmark: _Toc498961884][bookmark: _Toc499101476][bookmark: _Toc499227107][bookmark: _Toc499231497][bookmark: _Toc483243115][bookmark: _Toc483244157][bookmark: _Toc483245249][bookmark: _Toc484516655][bookmark: _Toc484691232][bookmark: _Toc484692273][bookmark: _Toc484693366][bookmark: _Toc484699206][bookmark: _Toc486859843][bookmark: _Toc486925222][bookmark: _Toc486966430][bookmark: _Toc487010290][bookmark: _Toc330368472][bookmark: _Toc475370436][bookmark: _Toc354300240][bookmark: _Toc484691233][bookmark: _Toc494123066][bookmark: _Toc20932280][bookmark: _Toc96792439][bookmark: _Toc132813364][bookmark: _Toc119720354]Materials
(1) The knowledge levels concerning the properties of materials in the structure should be classified according to definitions a) to c):
a) KLM1 (Minimum Knowledge) is attained when no direct information on the mechanical properties of the construction materials is available, either from original design specifications or from original test reports. Default values should be assumed in accordance with standards at the time of construction, accompanied by limited in situ testing in the most critical members. In the case of masonry structures, direct testing may be avoided, and reference values of predefined masonry types may be attributed after an extended visual survey of masonry features (according to Table 5.1). In the case of timber buildings and timber members, direct testing may be avoided provided that an accurate visual inspection is performed according to 10.2.4.1;
b) KLM2 (Average Knowledge) is attained when information on the mechanical properties of the construction materials is available either (i) from extended in situ testing; or (ii) from original design specifications complemented by limited in situ testing. In the case of masonry structures, when original design documents are not available, direct testing may still be avoided, but, in addition to what is required for KLM1, the knowledge should be enhanced by extended non-destructive testing, as specified in Table 5.3 for inspections, which allows a more accurate classification of masonry types in the structure. In the case of pre-1940 timber buildings, when original design documents are not available, direct testing may be avoided, but, in addition to what is required for KLM1, the knowledge should be enhanced by non-destructive testing, as specified in Table 10.1;
NOTE 1	In case of masonry and pre-1940 timber structures, original design documents are rarely available. 
c) KLM3 (High Knowledge) is attained when information on the mechanical properties of the construction materials is available either (i) from comprehensive in situ testing; or (ii) from original test reports, complemented by limited in situ testing; or (iii) from original design specifications, complemented by extended in situ testing. In the case of masonry structures, in addition to what is required for KLM2, direct testing of material properties in the critical areas should be performed, in order to update the reference values of predefined masonry types; material properties should then be defined by using results of tests for updating the reference values for the masonry types. In the case of timber structures, in addition to what is required for KLM2, (semi) non-destructive testing, e.g. by resistance drilling, and/or density measurements on small samples in order to define the material properties in the critical zones should be performed (see Table 10.1).
NOTE 2	For use in a) to c), Annex D, Tables D.1 and D.2 provide reference values of predefined masonry types, unless the National Annex provides different reference values associated to specific masonry types. As concerns timber components, relevant information regarding material properties can be found at 10.2.1(3).
(2) For each type of structural member (beam, column, wall, diaphragm, etc.) and material, the achieved KL on Materials based on the collected information should be taken as defined in 8 to 12.
[bookmark: _Toc330368473][bookmark: _Ref461189623][bookmark: _Toc475370437][bookmark: _Toc354300241][bookmark: _Toc484691234][bookmark: _Toc494123067][bookmark: _Toc20932281][bookmark: _Ref58694420][bookmark: _Toc96792440][bookmark: _Toc132813365][bookmark: _Toc119720355]Representative values of material properties
(1) For existing materials, design values of material properties Xd for calculating resistances to be used in local verifications, should be taken as the mean. Mean values should be obtained from testing and additional sources of information, and different mean values may be considered in different areas of the structure, as appropriate, based on test results.
NOTE	The variability of the material properties and the associated uncertainty of estimation based on a limited number of test values are accounted for through KL-dependent partial factors Rd, specified for each resistance model, as a function of KLG, KLD and KLM in the relevant subclauses of 8 to 11.
(2) The standard deviation of the natural logarithm slnX of relevant test values (i.e. tests on the existing material and in the area of the structure under consideration) should always be reported, unless the properties are not derived from testing of in situ materials, as is the case for KLM1 for reinforcing steel, timber and masonry.
NOTE 1	Standard deviation of the natural logarithm of material strengths within the same structure are, indicatively, in the ranges:
· Infill walls: 0,20 to 0,40
· Concrete: 0,10 to 0,20
· Reinforcing steel: 0,05 to 0,10 
· Structural steel:  0,05 to 0,10
· Timber: 0,15 to 0,25
· Masonry: 0,20 to 0,30 (specific values are provided in Annex D, Table D.1)
NOTE 2	Standard deviation of the natural logarithm of material properties determined from tests that lie above the upper bounds of the indicated ranges indicate poor construction quality and a lower confidence in the estimated mean values. In these cases, it is recommended to increase the level of testing of material properties.
(3) For existing materials, when the properties are not derived from testing of in situ materials, as is the case of KLM1 for reinforcing steel, timber and masonry, mean values should be obtained from standards in force at the time of construction (steel and timber), considering also a) and b):
a) For concrete, the mean value may be obtained from the characteristic value as given by Formula (5.2).
	(5.2)
b) For steel and timber, characteristic values usually specified in codes should be converted to mean values accounting for the appropriate standard deviation for the identified steel or timber, assuming normal distribution.
NOTE 1	Appropriate standard deviation values are those given in NOTE 1 to (2).
NOTE 2	Additional information is given for masonry in Annex D, D.2.
(4) For added materials, design values of material properties Xd for calculating resistances to be used in local verifications, should be defined as the mean. The mean may be derived from the characteristic value as indicated in (3).
(5) [bookmark: _Hlk118479069]For new materials, design values of material properties should be:
a) calculated using characteristic properties (fk) divided by the appropriate partial factor, in case a new structure is built to withstand all seismic action effects (see 4.3.2c)) and it is verified by the force-based approach according to prEN 1998-1-1:2022, 6.1(2).
b) defined as the mean (fm), if the new materials are used in new members designed to resist only part of the seismic action in parallel with existing ones (see 4.3.2b)), or they form a new structure that is verified with the displacement-based approach according to prEN 1998-1-1:2022, 6.1(6). The mean may be derived from the characteristic value as given in (3).


[bookmark: _Toc132813366][bookmark: _Toc119720356]Modelling, structural analysis and verification
[bookmark: _Toc132813367][bookmark: _Toc119720357]General
1. A quantitative assessment procedure should be performed for checking whether an existing undamaged or damaged structure satisfies the required limit state, as specified in 4.1.
1. Assessment should be carried out by means of the analysis methods specified in prEN 1998-1-1:2022, 6, complemented by prEN 1998-1-2:2023, 5.3, for buildings, and prEN 1998-2:2023, 5.2, for bridges, as modified in 6.3 and 6.4 to address the specific problems encountered in the assessment of existing structures.
NOTE	Complementary information on procedures of analysis can be found in the relevant material- related clauses (8, 9, 10, 11), the clause related to bridges (12), as well as in the pertinent Annexes.
1. When 4.1(4) does not apply, the force-based approach should not be used.
[bookmark: _Toc132813368][bookmark: _Toc119720358]Modelling
1. Based on information collected as prescribed in 5.2, a model of the structure should be set up. The model should be such that the action effects in all structural members can be determined under the combination of seismic action with other actions, given in EN 1990:2023, 8.4.3.5.
1. [bookmark: _Ref43818181]In application of 4.2.1(1), whenever possible, the structural model used should incorporate information of the observed behaviour on the structure to be assessed, or on the same type of structures, during previous earthquakes.
1. Unless more refined modelling approaches satisfying (2) are used, the structural model should comply with prEN 1998-1-1:2022, 6.2, complemented with either a) or b):
a) all provisions of prEN 1998-1-2:2023, 5.1, for buildings,
b) all provisions of prEN 1998-2:2023, 5.1, for bridges.
1. In application of prEN 1998-1-1:2022, 6.2.1(4), mean values of all material properties, including strength and ultimate deformation properties in non-linear models, should be used in the structural model.
1. Additional provisions specific to non-engineered masonry in 11.3 should be applied.
1. For masonry infills in buildings prEN 1998-1-2:2023, 7.4, should be applied, according to prEN 1998-1-1:2022, 6.2.1(6).
1. For secondary members of buildings prEN 1998-1-2:2023, 5.1.3, should be applied.
1. For bridges, where spatial variability of the seismic action is accounted for according to prEN 1998-2:2023, 4.2.2, the corresponding model should be chosen depending on the analysis method according to prEN 1998-2:2023, 5.3.
1. The non-linear model should satisfy the general rules of prEN 1998-1-1:2022, 6.2.3, the rules for buildings in prEN 1998-1-2:2023, 5.1, and prEN 1998-2:2023, 5.1, for bridges. The models given in a) to c) may be used:
a) In the case of non-linear response-history analysis, the members may be modelled using appropriate hysteretic curves, the shape of which depends on the member’s material properties, structural details, and the type of response.
b) The envelopes of hysteretic curves should be defined based on the rules given in the relevant material-related clauses (8, 9, 10, 11).
c) For non-linear static analysis, constitutive laws may be defined based on the envelopes of the hysteretic models.
NOTE	Some appropriate models are shown in Figure 6.1. V and  in Figure 6.1 indicate generalised stresses and deformations, respectively.


Figure 6.1 — Hysteretic models for non-linear response-history analysis: a) bilinear without strength and stiffness degradation, (b) without strength, but with stiffness, degradation, (c) with in-cycle strength degradation, (d) with both in-cycle and cyclic strength degradation, e) with residual strength and pinching, f) brittle response
[bookmark: _Toc96792444][bookmark: _Toc132813369][bookmark: _Toc119720359]Analysis: Force-based approach
[bookmark: _Toc354300247][bookmark: _Toc484691240][bookmark: _Toc494123073][bookmark: _Toc20932287][bookmark: _Toc96792445][bookmark: _Toc132813370][bookmark: _Toc119720360]Reduced spectrum for the force-based approach
1. Unless higher values of q are duly justified with reference to the local and global ductility, values of q factor not higher than those listed in Table 6.1 should be adopted for the horizontal components of seismic actions, regardless of the structural system and depending on the prevailing material.
Table 6.1 — Values of q-factors for the horizontal components of the seismic action
	Prevailing material of the structure
	q-factor

	Reinforced concrete
	1,5

	Steel 
	2,0

	Timber
	1,5

	Masonry
	1,5


1. A value of qv equal to 1,5 for buildings and 1,0 for bridges should be adopted for the vertical component of the seismic action.
1. When applicable according to prEN 1998-1-2:2023, 5.3.3, for buildings and prEN 1998-2:2023, 5.2.2.2, for bridges, the lateral force method may be used.
[bookmark: _Ref43817928][bookmark: _Toc96792446][bookmark: _Toc132813371][bookmark: _Toc119720361]Analysis: Displacement-based approach
[bookmark: _Ref63613952][bookmark: _Toc96792447][bookmark: _Toc132813372][bookmark: _Toc119720362]Linear elastic analysis
1. If the action effects Ed and corresponding resistances Rd are expressed in terms of generalised stresses, where Rd are calculated according to the relevant clauses of prEN 1998-1-2 for buildings and prEN 1998-2 for bridges, using design values resulting from 4.2.2(6), the regions of primary structural members where Ed > Rd are designated as critical zones. For each critical zone i a ratio i may be defined as given by Formula (6.1).
	(6.1)
1. [bookmark: _Toc64408760][bookmark: _Toc85833590]A linear elastic analysis may be performed using the elastic response spectrum given in prEN 1998-1-1:2022, 5.2.2, when max/min does not exceed 2,5 for buildings and 2,0 bridges, where, considering all critical zones: max = max(i); min = min(i); and i is defined by Formula (6.1) for each critical zone.
NOTE	When conditions occur for the similarity between the inelastic deformed shape and the elastic one, the displacement-based approach can be implemented in approximation via a linear elastic analysis. Deformations from the latter are used as seismic action effects for the verification of ductile mechanisms.
[bookmark: _Toc96792448][bookmark: _Toc132813373][bookmark: _Toc119720363]Non-linear static analysis
[bookmark: _Toc20932291]General
(1) When applied, a non-linear static analysis should be performed according to general rules of prEN 1998-1-1:2022, 6.5 and Annex D, with additional rules defined in prEN 1998-1-2:2023, 5.3.5, for buildings and in prEN 1998-2:2023, 5.2.3, for bridges. Additional rules for existing structures should be taken into account, as given in (2) to (5).
(2) [bookmark: _Ref43820050]If in a building a soft storey mechanism is expected or is predicted from non-linear static analysis with the “modal” pattern, a “uniform” pattern should be used in addition.
NOTE	A “uniform” pattern is a mass-proportional distribution of forces. It is an appropriate distribution of inertia forces when floor displacement and hence accelerations are approximately equal due to development of a soft storey mechanism.
(3) In the case of masonry buildings with stiff diaphragms (see 11.3.2.2) or when the modal participating mass ratio of the predominant mode of vibration in the considered direction is lower than 70%, the “modal” pattern should be replaced by either a) or b).
a) “triangular” pattern, based on lateral forces that are proportional to masses, considering an inverted triangular acceleration profile in elevation;
b) modal combination of load patterns from relevant modes, defined as those in which the displacements have no change of sign in elevation; this option should be used in the presence of significant irregularity in elevation.
(4) In buildings without rigid diaphragms, lateral loads should be applied at the location of, and proportionally to, the masses of the model.
(5) [bookmark: _Ref43820053]In the case of masonry buildings with stiff diaphragms (see 11.3.2.2), the control displacement should be assumed as the average displacement among those of different walls, at the reference slab, weighed by the corresponding seismic masses.
NOTE	In such buildings, the centre of mass of the slab at the top of the building (prEN 1998-1-2:2023, 5.3.5.2(5)), does not correspond to a physical point of the structural model. This definition of control displacement is coherent with the centre of mass, as they coincide in the case of rigid diaphragms. 
[bookmark: _Toc483243130][bookmark: _Toc483244172][bookmark: _Toc483245264][bookmark: _Toc484516670][bookmark: _Toc484691247][bookmark: _Toc484692288][bookmark: _Toc484693381][bookmark: _Toc484699221][bookmark: _Toc486859858][bookmark: _Toc486925237][bookmark: _Toc486966445][bookmark: _Toc487010305][bookmark: _Toc43905726][bookmark: _Toc50844329][bookmark: _Toc43905727][bookmark: _Toc50844330][bookmark: _Toc43905728][bookmark: _Toc50844331][bookmark: _Toc43905729][bookmark: _Toc50844332][bookmark: _Toc43905730][bookmark: _Toc50844333][bookmark: _Toc43905731][bookmark: _Toc50844334][bookmark: _Toc20932296][bookmark: _Toc96792449][bookmark: _Toc132813374][bookmark: _Toc119720364]Non-linear response-history analysis
(1) If non-linear response-history analysis is applied, it should be performed according to prEN 1998-1-1:2022, 6.6. 
[bookmark: _Toc354300257][bookmark: _Toc484691251][bookmark: _Toc494123083][bookmark: _Toc20932298][bookmark: _Toc96792450][bookmark: _Toc132813375][bookmark: _Toc119720365]Safety verifications
[bookmark: _Toc132813376][bookmark: _Toc119720366]General
1. Verifications should be performed according to prEN 1998-1-1:2022, 6.7, as integrated or modified in 4.2.2, 4.2.3, 6.5.2 and 6.5.3.
1. For all limit states, analysis methods and verification formats, action effects should be multiplied by Sd.
[bookmark: _Toc96792452][bookmark: _Toc132813377][bookmark: _Toc119720367][bookmark: _Ref43903868]Verifications to Near Collapse limit state
General
(1) With the exception of the case identified in 4.1(4), verifications to NC should be performed with the displacement-based approach. In application of prEN 1998-1-1:2022, 6.7.1(3), verifications should be carried out in local or global terms.
(2) prEN 1998-1-1:2022, 6.7.3(1), should be applied.
(3) Verifications in local terms shall be carried out when the analysis is linear elastic or non-linear response history.
(4) Verification in global terms may be carried out in conjunction with non-linear static analysis. For masonry structures or masonry-infilled frames, the ultimate displacement  may be established directly on the capacity curve (rather than mapped onto it from a local condition according to prEN 1998-1-1:2022, 6.5.2(7)), provided that the post-peak strength degradation is modelled at the member level (see Figure 6.1c to f and (11)).
[bookmark: _Toc354300259][bookmark: _Toc484691253][bookmark: _Toc494123085][bookmark: _Toc20932300][bookmark: _Ref43819610][bookmark: _Ref63613895][bookmark: _Toc347720817]Verifications in local terms using linear elastic analysis
(1) [bookmark: _Ref63613896]Verifications of ductile mechanisms should be performed in terms of generalised deformations according to prEN 1998-1-1:2022, 6.7.3(2). Deformation capacity Rd should be evaluated according to prEN 1998-1-1:2022, 7, complemented by Clauses 8 to 11 as appropriate.
(2) Verifications of brittle mechanisms should be performed in terms of generalised stresses according to prEN 1998-1-1:2022, 6.7.3(3). Seismic action effects corresponding to brittle mechanisms should be derived from equilibrium considering the resistance of non-brittle mechanisms (capacity-design-like approach) multiplied by Sd from 4.2.2(5) and by the overstrength factor according to 4.2.2(10). To this purpose, the resistances of non-brittle mechanisms should be derived considering the mean material properties and should not be divided by Rd.
[bookmark: _Toc347720828][bookmark: _Toc354300260][bookmark: _Toc484691254][bookmark: _Toc494123086][bookmark: _Toc20932301][bookmark: _Ref43823601]Verifications in local terms using non-linear analysis
(1) [bookmark: _Toc483243138][bookmark: _Toc483244180][bookmark: _Toc483245272][bookmark: _Toc484516678][bookmark: _Toc484691255][bookmark: _Toc484692296][bookmark: _Toc484693389][bookmark: _Toc484699229][bookmark: _Toc486859866][bookmark: _Toc486925245][bookmark: _Toc486966453][bookmark: _Toc487010313]Verification in local terms (member level) should be performed when the post-peak strength degradation of structural members is not modelled (e.g. see Figure 6.1 a or b). It may be performed in all other cases.
(2) Verifications of ductile mechanisms should be performed in terms of generalised deformations according to prEN 1998-1-1:2022, 6.7.3(2). Deformation capacity Rd should be evaluated according to prEN 1998-1-1:2022, 7, complemented by Clauses 8 to 11, as relevant.
(3) Verifications of brittle mechanisms should be performed in terms of generalised stresses according to prEN 1998-1-1:2022, 6.7.3(3). Seismic action effects for the verifications of brittle mechanisms are those from the analysis, multiplied by Sd from 4.2.2(5) and for the overstrength factor according to 4.2.2(10).
(4) Failure modes that are not directly captured by the behaviour model in the analysis should be checked through verifications by partial models including the relevant part of the structure.
[bookmark: _Toc355166564][bookmark: _Toc484691258][bookmark: _Toc494123089][bookmark: _Toc20932304]Verification in global terms
(1) Verification in global terms (structural system level) may be performed for masonry buildings and for buildings in which infills dominate their global capacity. In such buildings, the strength degradation after peak strength should be modelled at member level (see Clause 11).
(2) Verifications should be performed in terms of the equivalent SDOF displacement according to prEN 1998-1-1:2022, 6.7.3(4), where the resistance d*NC is defined according to 11.
(3) For buildings, the correction factors cP or cE should be evaluated according to prEN 1998-1-2:2023, 5.3.5.3, with the specific provisions for masonry buildings in 11.5.1.3.1 and 11.5.1.4.1. Local verifications should be made in members where factors cP or cE are greater than 1,2.
(4) The two components of the seismic action should be considered according to prEN 1998-1-1:2022, 6.5.4(6), for the control node displacement, which in the case of verification in global terms is included in the seismic action effect. For these combinations, forces in the secondary direction should be applied with the sign that produces an increase of the displacement in the main direction.
(5) The value of Sd for the calculation of Ed should be taken from 4.2.2(5).
(6) Failure modes that are not directly captured by the global model in the analysis should be checked through local verifications, possibly involving partial models.
NOTE	In particular, this is the case of masonry buildings, for which the global model, which considers the “box-type” behaviour and the in-plane resistance of masonry walls, does not capture partial out-of-plane mechanisms (see 11.3.3).
[bookmark: _Ref43903877][bookmark: _Toc96792453][bookmark: _Toc132813378][bookmark: _Toc119720368]Verifications to additional limit states
(1) Except when the verification is carried out in global terms (see 6.5.2.4), verifications of the SD limit state should be carried out according to prEN 1998-1-2:2023, 6.2, for buildings and prEN 1998-2:2023, 6.3, for bridges, with the values of the seismic action effects resulting from 6.4 to 6.6, combined with other action effects according to EN 1990:2023, 8.3.7.4, and the values of resistances resulting from 4.2.2(6) considering 4.2.3.
(2) Except when the verification is carried out in global terms (see 6.5.2.4), verifications of the DL limit state should be made according to prEN 1998-1-1:2022, 6.7.3, considering 4.2.3.4.
(3) Except when the verification is carried out in global terms (see 6.5.2.4), verifications of the OP limit state should be made according to prEN 1998-1-1:2022, 6.7.3, considering 4.2.3.5.
(4) Design effects corresponding to DL and OP should be defined taking into account design seismic actions relevant to these limit states.
NOTE	For these limit states, the behaviour is linear elastic (i.e. corresponding to q = 1).


[bookmark: _Toc132813379][bookmark: _Toc119720369]Design of structural intervention
[bookmark: _Toc132813380][bookmark: _Toc119720370]Criteria for a structural intervention
[bookmark: _Toc132813381][bookmark: _Toc119720371]General
(1) Based on the conclusions of the assessment of the structure and/or the nature and extent of damage, decisions should be taken for the intervention.
NOTE 1	This standard describes the technical aspects of the relevant criteria.
NOTE 2	As in the design of new structures, optimal decisions are pursued, taking into account social aspects, such as the disruption of use or occupancy during the intervention.
[bookmark: _Toc330368498][bookmark: _Toc475370476][bookmark: _Toc354300266][bookmark: _Toc484691262][bookmark: _Toc494123093][bookmark: _Toc20932308][bookmark: _Toc96792457][bookmark: _Toc132813382][bookmark: _Toc119720372]General technical criteria
(1) The selection of the type, technique, extent and urgency of the intervention should be based on the structural information collected during the assessment of the structure.
(2) The aspects described in a) to g) should be taken into account:
a) All identified local gross errors (i. e. inducing early brittleness or instability) should be appropriately remedied;
b) In case of highly irregular structures (both in terms of stiffness and overstrength distributions), structural regularity should be improved as much as possible, both in plan and (where feasible) in elevation;
c) The required characteristics of regularity and resistance may be achieved by either modification of the strength and/or stiffness of an appropriate number of existing components, or by the introduction of new structural members;
d) Increase of local ductility and deformation capacity should be done where required to satisfy the verifications;
e) The increase in strength after the intervention should not substantially reduce the available global ductility;
f) Specifically, for masonry structures: non-ductile lintels should be replaced, inadequate connections between floor and walls should be improved, out-of-plane horizontal thrusts against walls should be eliminated;
g) The intervention may consist in reducing the action effects in the structure, rather than increasing its resistance. This reduction may be achieved by the use of seismic isolation and/or provision of supplemental damping to the structure.
[bookmark: _Toc330368499][bookmark: _Toc475370477][bookmark: _Toc354300267][bookmark: _Toc484691263][bookmark: _Toc494123094][bookmark: _Toc20932309][bookmark: _Toc96792458][bookmark: _Toc132813383][bookmark: _Toc119720373]Types of intervention
(1) An intervention may consist of one or more of the procedures described in a) to i):
a) Local or overall modification of damaged or undamaged members (repair, upgrading or full replacement), considering the stiffness, strength and/or ductility of these members;
NOTE 1	This standard provides (in its material-specific Clauses 8 to 11) information on the retrofitting techniques currently in use. For reinforced concrete members, these include concrete jacketing, steel jacketing and FRP plating and wrapping. For steel members, these include weld retrofits, stiffening with steel plates and haunches, concrete encasing and bolt replacement as defined in 9.6. For timber members, these include several types of retrofitting methods defined in 10.8. For masonry members, these include techniques that improve material properties in terms of stiffness and strength and by addition of tension resisting members (see 11.6(4)). 
b) Addition of new structural members (e.g. bracings; steel, timber or reinforced concrete belts in masonry construction; etc.) or infill walls;
c) Modification of the structural system (elimination of some structural joints; widening of joints; elimination of vulnerable members; modification into more regular and/or more ductile arrangements);
[bookmark: _Hlk118475726]NOTE 2	This is, for instance, the case when vulnerable low shear-ratio columns or entire soft storeys are transformed into more ductile arrangements; similarly, when overstrength irregularities in elevation, or in-plan eccentricities are reduced by modifying the structural system.
d) Addition of a new structural system to sustain some or all of the seismic action;
e) Possible transformation of existing ancillary elements into structural members;
f) Introduction of passive protection devices through dissipative bracing or other dissipative devices, or seismic isolation at an appropriate level of the structure;
g) Mass reduction;
h) Restriction or change of use of the structure;
i) Partial demolition.
(2) The intervention may involve one or more procedures in combination. In all cases, the effects of structural modifications on the response of foundations should be taken into account.
(3) Techniques other than those covered by this standard may also be used, if they are appropriately documented and backed up by experimental evidence and they satisfy the general requirements of this standard.
(4) If seismic isolation is adopted, prEN 1998-1-1:2022, 6.8, and prEN 1998-1-2:2023, 8, for buildings or prEN 1998-2: 2022, 8, for bridges should be applied.
(5) If distributed energy dissipation systems are used, prEN 1998-1-1:2022, 6.8, and prEN 1998-1-2:2023, 9, for buildings or prEN 1998-2: 2022, 8, for bridges should be applied.
[bookmark: _Toc330368500][bookmark: _Toc475370478][bookmark: _Toc354300268][bookmark: _Toc484691264][bookmark: _Toc494123095][bookmark: _Toc20932310][bookmark: _Toc96792459][bookmark: _Toc132813384][bookmark: _Toc119720374]Ancillary elements
(1) In the case of buildings, decisions regarding repair or upgrading of ancillary elements should also be taken whenever, in addition to functional requirements, the seismic behaviour of these elements may endanger the life of occupants or users or affect the value or integrity of the contents.
(2) In cases considered in (1), full or partial collapse of these elements should be avoided by means of measures as given in a) to c):
a) appropriate connections to structural members (see prEN 1998-1-2:2023, 7);
b) increasing the resistance of ancillary elements (see prEN 1998-1-2:2023, 7);
c) taking measures of anchorage to prevent possible falling out of parts of these elements.
(3) The potential consequences of measures listed in (2) on the behaviour of structural members should be taken into account.
[bookmark: _Toc330368501][bookmark: _Toc475370479][bookmark: _Toc354300269][bookmark: _Toc484691265][bookmark: _Toc494123096][bookmark: _Toc20932311][bookmark: _Toc96792460][bookmark: _Toc132813385][bookmark: _Toc119720375]Justification of the selected intervention type
(1) In all cases, the documents relating to retrofit design should include the justification of the type of intervention selected and the description of its expected effect on the structural response.
(2) [bookmark: _Toc330368502]This justification should be made available to the relevant parties.
[bookmark: _Toc330368503][bookmark: _Toc475370481][bookmark: _Toc354300270][bookmark: _Toc484691267][bookmark: _Toc494123097][bookmark: _Toc20932312][bookmark: _Toc96792461][bookmark: _Toc132813386][bookmark: _Toc119720376]Retrofit design procedure
(1) [bookmark: _Toc64408764][bookmark: _Toc85833594]The retrofit design procedure should include steps a) to c):
a) Conceptual design;
b) Analysis;
c) Verifications.
(2) The conceptual design should cover a) to c):
a) Selection of techniques and/or materials, as well as of the type and configuration of the intervention;
b) Prior to the above selections, possibly a preliminary analysis of the existing (as-built) structure to inform the selection;
c) Preliminary estimation of dimensions of additional structural parts;
d) Preliminary estimation of the modified stiffness of the retrofitted members.
(3) The methods of analysis of the structure specified in 6.4 should be used, taking into account the modified characteristics of the structure.
(4) Verifications should be carried out in accordance with 6.5 and 5.5, for both existing, modified and new structural members. As a minimum, the Limit State NC should be checked for the retrofitted structure.
NOTE	Information on the resistance of existing and new structural members can be found in the relevant material-related Clauses 8, 9, 10, 11 and Annexes B, C and D.


[bookmark: _Toc132813387][bookmark: _Toc119720377]Specific rules for reinforced concrete structures
[bookmark: _Toc132813388][bookmark: _Toc119720378]Scope
(1) [bookmark: _Toc64408781][bookmark: _Toc85833611]This clause contains specific criteria for the assessment of reinforced concrete structures in their present state, and for their retrofitting, when necessary.
(2) Rules complementary to 5 for knowledge levels of reinforced concrete structures are given in 8.2.
(3) Rules complementary to 6.3 for structural modelling of reinforced concrete structures are given in 8.3 and 8.4.2.4.3.
(4) Resistance models for assessment of existing members in terms of generalised deformations are given in 8.4.2.
(5) Resistance models for assessment of existing members and joints in terms of shear are given in 8.4.3 and 8.4.4, respectively.
(6) Safety verification rules complementary to 6.5 for verification of limit states are given in 8.5.
(7) Resistance models for retrofitting of existing members in cases of common techniques are given in 8.6.
[bookmark: _Toc330368506][bookmark: _Toc475370484][bookmark: _Toc354300273][bookmark: _Toc484691270][bookmark: _Toc494123100][bookmark: _Toc20932315][bookmark: _Toc96792464][bookmark: _Toc132813389][bookmark: _Toc119720379]Identification of geometry, details and materials
[bookmark: _Toc132813390][bookmark: _Toc119720380]General
1. [bookmark: _Toc64408783][bookmark: _Toc85833613]8.2 should be applied to the collection of information for buildings, in addition to Clause 5. For bridges, 12.4.2 should be applied.
1. The aspects given in a) and b) should be carefully examined:
a) Physical condition of reinforced concrete members and presence of any degradation, due to carbonation, steel corrosion, etc. Conditions of deterioration should be considered in establishing the value of Sd (4.2.2(5));
b) Continuity of load paths between lateral load-resisting members.
[bookmark: _Toc330368508][bookmark: _Toc475370486][bookmark: _Toc354300275][bookmark: _Toc484691272][bookmark: _Toc494123102][bookmark: _Toc20932317][bookmark: _Toc96792466][bookmark: _Toc132813391][bookmark: _Toc119720381]Geometry
(1) The collected data should include all items a) to e):
a) Identification of the lateral load-resisting systems in the two main horizontal directions;
b) Orientation of one-way floor slabs;
c) Depth and width of beams, columns and walls;
d) Width of flanges in T-beams or L-beams (see prEN 1992-1-1:2021, 7.2.3(2), for the definition of the effective width of flanges);
e) Possible eccentricities between axes of beams and columns at joints.
[bookmark: _Toc132813392][bookmark: _Toc119720382]Details
(1) [bookmark: _Toc64408785][bookmark: _Toc85833615]The collected data should include all items a) to f):
a) Amount of longitudinal steel bars in beams, columns and walls;
b) Amount and detailing of confining steel in critical regions and in beam-column joints;
c) Amount of steel reinforcement in floor slabs contributing to the negative resisting bending moment of T- or L-beams;
d) Seating lengths and support conditions of horizontal members;
e) Depth of concrete cover;
f) Lap-splices of longitudinal reinforcement.
(2) If lap-splice length is not reliably established for each structural member typology of the structure or its critical portion, when identified based on a preliminary analysis, short lap-splice should be assumed in the evaluation of deformation capacity according to 8.4.2, taking l0 equal to 2/3 of l0y,min.
NOTE	According to 5.4.3(1), destructive inspection methods can be preferred. In particular, lap-splice length is not a parameter that can be easily or reliably established through an indirect non-destructive method.
[bookmark: _Toc330368510][bookmark: _Toc475370488][bookmark: _Toc354300277][bookmark: _Toc484691274][bookmark: _Toc494123104][bookmark: _Toc20932319][bookmark: _Ref70431591][bookmark: _Toc96792468][bookmark: _Toc132813393][bookmark: _Toc119720383]Materials
General
(1) The collected data should include items a) and b):
a) Concrete strength;
b) Steel yield strength, ultimate strength and ultimate strain.
(2) For each type of member (beam, column, wall, etc.), the achieved KL on each material (KLM) should be based on the collected information, as given in Table 8.1 (concrete and steel reinforcement).
Table 8.1 — KL on Materials as a function of collected information on 
concrete or steel reinforcement
	Original design documents
	Testing

	
	L
	E
	C

	Not available
	KLM1 (*)
	KLM2
	KLM3

	Design specifications (**)
	KLM2
	KLM3
	

	Material test reports
	KLM3
	
	

	* When original design documentation on material is not available and testing is not undertaken (as allowed for reinforcing steel), default values according to the ruling standards at the time of construction or the state of practice can be assumed.
** For instance, from design report or notes on drawings.


NOTE	Default values for the material properties based on state of practice and ruling standard as a function of time of construction can be found in the National Annex.
[bookmark: _Toc484691275][bookmark: _Toc494123105][bookmark: _Toc20932320]Concrete
(1) The investigation of concrete should aim mainly at determining the compressive strength for each area of the structure. Other properties, such as modulus of elasticity, tensile strength etc. may be determined indirectly based on the compressive strength, if no specific investigation is conducted.
(2) A combination of non-destructive methods and destructive methods (such as core sampling) should be made to improve knowledge in more positions, when required for greater reliability.
NOTE	Using non-destructive methods, the compressive strength of concrete is estimated indirectly by correlation with either one property (e.g., surface hardness with rebound hammer, density by ultrasonic pulse velocity) or multiple properties (e.g., both hardness and density, as in sonic rebound). 
(3) It should be checked that use of a combined method yields a lower coefficient of variation than that of each of the individual methods.
NOTE	Combined methods, correlating strength to multiple properties are generally characterised by higher confidence and are preferable, provided that each test yields reliable results. 
(4) Only destructive tests should be performed if the number of cores mc to be taken is larger or equal to the number m of non-destructive test measurements required, depending on the desired KLM, according to (8). In all other cases, non-destructive testing should be carried out prior to core sampling to identify homogeneous areas within the structure (i.e. areas where concrete property values may be assumed to be from the same population, which can be provisionally established based on low sample variability, e.g. a coefficient of variation lower than 15%, or, even with higher coefficients of variation, by statistical testing of the difference in the means or analysis of variance). As a minimum, it may be assumed that each distinct structural block in which the structure is delimited by joints represents a different homogeneous area. When identifying homogeneous areas, the expected systematic variation of concrete strength should be taken into account, depending on its position in the structure, and the conditions of concreting, compaction and maintenance. Statistical tests in EN 13791:2019, 7 may be used to identify homogeneous areas within the structure.
NOTE	It is possible that significant differences in strength exist between slabs, beams, upper and lower parts of columns (by a totally indicative ratio of 0,70 / 0,80 / 0,90 / 1,00), while in case of poor workmanship in column concreting, it cannot be ruled out that the lower part also develops lower strength due to segregation and cavitation. Estimated strength values can be adjusted for this variation while evaluating homogeneity.
(5) When core sampling serves the purpose of calibrating the results of non-destructive tests, a structure-specific correlation curve should be established through least squares regression based on test results from destructive and non-destructive testing in the structure. Parallel core sampling at positions where non-destructive testing has already been carried out should be performed all within the same homogeneous area. The correlation established by least squares regression in this homogenous area may then be used in other homogeneous areas. The homogeneous area should preferably coincide with the critical area of the structure, as identified by a preliminary analysis, if performed. At least mc = 5 cores should be taken at locations that include the extremes of the indirect test values, to better constrain the regression.
NOTE	Core sampling provides compressive strength values when it is the only test carried out. EN 13791:2019, 8, requires at least 8 cores to establish a correlation with NDT values to evaluate the characteristic compressive strength fck. Herein, at least 5 cores are used since the mean value fcm of compressive strength is used and confidence in this parameter increases faster with the number of cores than that in fck.
(6) The core strength should be converted into the real in situ strength (see EN 13791:2019).
(7) Core testing should be undertaken in conformity to EN 13791:2019, 6(1) to (6).
(8) [bookmark: _Ref69113307]For each type of structural member (column, wall, beam, floor, deck), the minimum percentage of structural members that should be checked for concrete strength by means of non-destructive testing is given by Formula (5.1), as a function of the total number n of members of the type of interest in the structure. Coefficients p1 and c should be taken from Table 5.2 for each level of testing. Conditions of symmetry and repetitiveness should be considered in planning surveys, to avoid concentrating efforts on similar members.
(9) When the results of the measurements exhibit a satisfactory convergence, i.e. the coefficient of variation is not more than 20%, the Limited level of testing may be considered as Extended and the latter may be considered as Comprehensive.
[bookmark: _Toc491327087][bookmark: _Toc491354374][bookmark: _Toc491420116][bookmark: _Toc491428992][bookmark: _Toc491681586][bookmark: _Toc491698900][bookmark: _Toc491703971][bookmark: _Toc491773068][bookmark: _Toc491859613][bookmark: _Toc491863756][bookmark: _Toc494123106][bookmark: _Toc494533666][bookmark: _Toc494550137][bookmark: _Toc494550868][bookmark: _Toc494551326][bookmark: _Toc494551655][bookmark: _Toc494551984][bookmark: _Toc494552313][bookmark: _Toc497500196][bookmark: _Toc497500535][bookmark: _Toc498017239][bookmark: _Toc499101548][bookmark: _Toc499227179][bookmark: _Toc499231569][bookmark: _Toc491327088][bookmark: _Toc491354375][bookmark: _Toc491420117][bookmark: _Toc491428993][bookmark: _Toc491681587][bookmark: _Toc491698901][bookmark: _Toc491703972][bookmark: _Toc491773069][bookmark: _Toc491859614][bookmark: _Toc491863757][bookmark: _Toc494123107][bookmark: _Toc494533667][bookmark: _Toc494550138][bookmark: _Toc494550869][bookmark: _Toc494551327][bookmark: _Toc494551656][bookmark: _Toc494551985][bookmark: _Toc494552314][bookmark: _Toc497500197][bookmark: _Toc497500536][bookmark: _Toc498017240][bookmark: _Toc499101549][bookmark: _Toc499227180][bookmark: _Toc499231570][bookmark: _Toc484691276][bookmark: _Toc494123124][bookmark: _Toc20932321]Steel reinforcement
(1) KLM1 (Minimum knowledge) may be considered as attained if original design documents are not available and classification of steel is done by visual identification (surface smooth or ribbed, any readable markings on the surface of the bars), with consideration of the time of construction of the building. The mechanical properties of steel (yield strength, ultimate strength, ultimate strain) should be taken as specified in the appropriate Standards for the identified category of steel (see notes to 5.5(1) and 5.5(2)).
NOTE	The minimum amount of information for attaining KLM1 on steel properties are the period of construction and the type of bars, smooth or ribbed, as identified by limited exposure. If in areas where concrete cover is removed, the bars show any readable marking, the latter can be used to further support the assumption on steel type.
(2) KLM2 (Average knowledge) may be considered as attained, when either a) or b) applies:
a) original design documents are not available, no readable markings are found during visual identification and the in situ properties of steel are determined by testing at least three samples of approximately the same diameter from structural members of the critical portion of the structure, as identified by preliminary analysis if performed;
b) indications on the steel used are available from design specifications (rather than from test reports) and visual identification confirms the information.
(3) KLM3 (High knowledge) may be considered as attained when either a) or b) applies:
a) the in situ properties of steel are determined based on testing of at least three samples of approximately the same diameter for each structural member typology of the critical area of the structure, as identified by preliminary analysis if performed, and at least one sample per floor elsewhere;
b) original test reports for steel bars are available and visual identification confirms the information.
(4) For KLM2 and KLM3, if results of testing reveal the presence of steel of different grades, then the investigation should be expanded to identify in which structural members each different grade has been placed; conditions a) or b) in (2) or (3) should be met for each steel grade separately.
(5) Subsequent to destructive testing, bar replacement may be avoided if the bar has been sampled from members with large number of similar bars, such as walls.
NOTE	KLM2 and KLM3 require destructive testing, with sampling of bars, tensile testing in the lab, and replacement of the bar (e.g. through welding).
(6) If it can be proven that it is not possible to reliably replace the bars, non-destructive tests (hardness test) may be performed instead. Non-destructive (hardness) test may always be used to identify where each grade has been used according to (4).
[bookmark: _Toc132813394][bookmark: _Toc119720384]Structural modelling
(1) [bookmark: _Toc64408786][bookmark: _Toc85833616]The member stiffness for linear analysis (except when the q-factor method is used) and the initial stiffness for non-linear analysis should be based on the secant value at yielding, determined as given in a) and b):
a) The initial effective stiffness (pre-yielding stiffness) of a structural member should be defined based on the yield moment My (for the axial load resulting from the gravity loads concurrent with the seismic action) and the corresponding chord rotation at yielding y, given in 8.4.2.2.1. Whenever appropriate, the initial effective stiffness may be defined based on the uncracked cross-sections;
NOTE 1	The yield bending moment and the yield curvature correspond to the yielding of the first layer of the reinforcement. For members with multiple layers of tension reinforcement the ‘yield’ point can be determined based on an appropriate bilinear approximation of the moment-curvature diagram.
NOTE 2	In certain types of members, such as reinforced concrete or prestressed decks (see prEN 1998-2:2023, 5.1.1(5)), where no considerable damage is expected, the initial stiffness can be defined based on the uncracked gross sections.
b) The stiffness of a member may be taken to be equal to the mean value of MyLV/(3θy), at the two ends of the member. In this calculation the shear span at the end section, LV, may be taken to be equal to half the beam clear length from column to column, half the column clear height between connections with other members in the plane of bending, or half the distance from the base section in a storey to the top of the wall, in members used to model the length of a wall between successive floors; θy should be taken as given in 8.4.2.2.1(1). For preliminary analysis the stiffness of a member may be taken as specified in Annex A.
NOTE 3	The yield moment is generally different for positive and negative bending, hence the stiffness values are taken as the average of four values. When the q-factor method is used, the member stiffness can be determined as required in prEN 1998-1-1:2022, 6.2.2.
[bookmark: _Toc475370491][bookmark: _Toc354300280][bookmark: _Toc484691280][bookmark: _Toc494123126][bookmark: _Toc20932323][bookmark: _Toc96792470][bookmark: _Toc132813395][bookmark: _Toc119720385]Resistance models for assessment
[bookmark: _Toc330368512][bookmark: _Toc475370492][bookmark: _Toc354300281][bookmark: _Toc484691281][bookmark: _Toc494123127][bookmark: _Toc20932324][bookmark: _Toc96792471][bookmark: _Toc132813396][bookmark: _Toc119720386]Introduction
(1) [bookmark: _Toc64408787][bookmark: _Toc85833617]The provisions given in this clause should be applied to both primary and secondary seismic members.
(2) Mechanisms in reinforced concrete members should be classified as defined in either a) or b):
a) “ductile”: beams, columns and walls under flexure with or without axial force;
b) “brittle”: shear mechanism in beams, columns, walls and joints.
[bookmark: _Toc330368513][bookmark: _Toc475370493][bookmark: _Toc354300282][bookmark: _Toc484691282][bookmark: _Toc494123128][bookmark: _Toc20932325][bookmark: _Ref58688216][bookmark: _Toc96792472][bookmark: _Toc132813397][bookmark: _Toc119720387]Beams, columns and walls under flexure with or without axial force
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(1) Verification in bending of (beams, columns walls), which have not yielded in the seismic situation associated with the limit state considered, may be carried out using prEN 1998-1-2:2023, 10, in case of buildings or prEN 1998-2:2023, 6, in case of bridges.
NOTE	It suffices to show that their flexural resistance is higher than the acting bending moments (with due consideration of axial force).
(2) The deformation capacity in rotation of members that have yielded should be defined in terms of the chord rotation , as defined in prEN 1998-1-1:2022, 7.1.
(3) The ultimate chord rotation for an existing member given by Formula (8.1)
	(8.1)
where
	y
	is the chord rotation of the shear span, LV, at yielding of the end section;

	
	is the plastic part of the ultimate chord rotation;

	abars
	≤ 1 is a reduction factor accounting for the type of bars (ribbed vs smooth) and lap-splices, if any.


(4) Rules for the deformation capacity of members should be taken as given in a) to c), as appropriate:
a) 8.4.2.2 for members with continuous ribbed bars;
b) 8.4.2.3 for members with ribbed bars, lap-spliced starting at the end section;
c) 8.4.2.4 for columns with smooth (plain) bars, lap-spliced at floor levels.
(5) Existing walls conforming to the definition of “large walls” of prEN 1998-1-2:2023, 10.4.1, may be verified in accordance with prEN 1998-1-2:2023, 10.9.
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(1) The chord rotation at yield, y, may be evaluated using prEN 1998-1-1:2022, 7.2.2.1.1.
(2) [bookmark: _Ref50557725]Factor abars is taken equal to 1,0.
(3) [bookmark: _Ref50544817]The plastic part of the ultimate chord rotation, , may be calculated using prEN 1998-1-1:2022, 7.2.2.1.2, with the exception of (3).
(4) [bookmark: _Ref50557726]If detailing of the member does not conform to codes for seismic design for ductility, the plastic hinge length may be taken equal to 1,3 times the value obtained from prEN 1998-1-1:2022, 7.2.2.1.2, Formula (7.14) or (7.15), as appropriate.
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(1) Unless lappings are short according to (2), 8.4.2.2 and prEN 1998-1-1:2022, 7.2.2.2(2) should be applied.
(2) [bookmark: _Ref50557523]Lappings should be considered short when the lap length is shorter than lou,min, given by Formula (8.2).
	(8.2)
where
	dbL
	is the (mean) diameter of the tension reinforcement;

	fy
	is the longitudinal steel mean yield strength, in MPa;

	fct
	is the concrete tensile strength, which may be taken as fct = 0,3 fc2/3, where fc and fct are in MPa;

	an
	is the factor for confinement effectiveness within a section, equal to 1 in a circular section, or to nrestr/ntot in a rectangular section, where nrestr is the number of lapped bar pairs restrained at corners or hooks of ties, out of a total of ntot lapped bar pairs;

	as
	is the factor for confinement effectiveness along the length of the member; for confinement by ties:

	
	 in rectangular columns,

	
	 in circular columns, with Do the diameter of the circular hoop;

	ac
	is the confining medium factor, equal to ac = 7,5 for confinement by steel ties;

	Rc
	is the confining medium radius, equal to the bending radius of the steel tie which confines the lap splice;

	pc
	is the confining pressure on the lap splice, equal to Aswfyw/(swRc) for confinement by steel ties.


(3) If lappings are short, the yield moment and curvature and the chord rotation of a member should be reduced.
(4) (3) may be considered satisfied if (5) to (8) are applied.
(5) The yield moment and curvature should be calculated by section analysis, with the tension bars having their yield stress reduced as given by Formula (8.3).
	(8.3)
where loy,min is given by Formula (8.4).
	(8.4)
where cmin is the minimum concrete cover of lapped bars, or half the clear distance to the closest lap-spliced bar, whichever is smaller.
(6) To account for the effect of short lap-splices on the chord rotation at yielding, a) to c) may be applied:
a) prEN 1998-1-1:2022, 7.2.2.1.1 and 7.2.2.2, may be applied with the value of the yield curvature calculated from section analysis, taking into account (5);
b) the second term in prEN 1998-1-1:2022, Formulas (7.1) to (7.3), should be multiplied by the ratio of the yield moment, as calculated in (5), to its value neglecting the lap-splice;
c) to decide if aV = 1 in the first term of the Formulas referenced in b), the end moment at diagonal cracking, LVVR,c, should be compared to the value of My that accounts for the splicing.
(7) If the compression zone is rectangular, abars is given by Formula (8.5) and the plastic part of the ultimate chord rotation, , may be estimated from prEN 1998-1-1:2022, Formula (7.5).
	(8.5)
(8) For any other cross-sectional shapes, the plastic part of the ultimate rotation, , may be estimated from prEN 1998-1-1:2022, Formula (7.6). In this case abars is taken equal to 1,0 and the effect of the lap-splice may be considered to be limited to the ultimate curvature, u, which should be calculated applying the general rule to the lapped compression bars and reducing the maximum elongation of the extreme tension bars at ultimate conditions due to steel failure as given by Formula (8.6).
	(8.6)
where εsu is given by prEN 1998-1-1:2022, Formula (7.10).
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(1) The maximum stress that a vertical bar (smooth or ribbed) of diameter dbL can develop ahead of a standard 180 hook or bend, fo, may be taken from Formula (8.7).
	(8.7)
where
	fo and fc
	are in MPa;

	dbL
	is in mm;

	kcorr
	is a correction factor given by Formula (8.8).


	(8.8)
where
	cmin
	= min(cx; cy ; cs/2) in mm (see Figure 8.1);

	cmax
	= max(cx; cy; cs/2) in mm (see Figure 8.1);

	nb
	number of pairs of lapped bars in the potential splitting failure surface;

	kconf
	effectiveness factor depending on the configuration of the confinement with respect to a possible splitting crack along the lapped bars, according to prEN 1992-1-1:2021, 11.4.2(5):

	
	= 1,0 for confining reinforcement crossing the potential splitting surface as in Figure 8.2(a) (net distance ≤ 5db),

	
	= 0,25 for reinforcement within the cover cy as in Figure 8.2(b) (cs ≥ 8cy),

	
	= 0 in other circumstances;

	asw = Asw/s
	is the total confining reinforcement area crossing potential splitting crack per unit length along the lapped bars;

	Es
	elastic modulus of steel.




Figure 8.1 — Definition of bars cover and spacing


Key
	A
	potential splitting surface


Figure 8.2 — Cover rules
(2) 8.4.2.4 should be applied to building columns with smooth bars lap-spliced at floor levels as in Figure 8.3.


Key
	Hi
	total height of storey i (equal to Hn,i + hb,i)

	Hn,i
	clear height of storey i

	hb,i
	beam depth at the top of storey i

	lo,i
	lapping of vertical bars at the base of a column in storey i

	lb,0
	length of the starter bar connecting the column to the foundation


Figure 8.3 — Column with smooth bars lap-spliced at floor levels, geometry and notation: (a) intermediate storeys of multi-storey column; (b) lowermost storey
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(1) The yield moment of a concrete section with smooth bars may be estimated assuming plane sections remain plane and that the materials are linear elastic until the tension reinforcement yields.
(2) If the ends of smooth bars with standard 180o hook are lap spliced over a length lo of at least ten bar diameters, the yield moment and curvature, My, and y, may be calculated as for continuous bars, except that both bars in a pair of lap-spliced compression bars count as compression reinforcement.
(3) If the ends of the smooth bars at a lap-splice are straight, without hooks, the yield moment may be estimated as in (1), with both bars in a pair of spliced compression bars counting fully as compression reinforcement and with the yield stress feff of vertical tension bars calculated from Formula (8.9).
	(8.9)
where
	lo
	is the lap length of a pair of tension bars;

	loy,min
	is given by Formula (8.10);


	(8.10)
where
	dbL
	is the bar diameter;

	fy and fc
	are in MPa in Formula (8.10).
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(1) The chord rotation at the top and bottom end of a column in storey i at yielding of the corresponding end section may be estimated by Formula (8.11).
	(8.11)
where
	EIc
	is the uncracked, gross-section stiffness of the column;

	y,slip
	the fixed-end rotation of the end section due to slippage of the tension bars from both above and below the end section, which may be estimated as given in a) to d):


a) If the bars run continuous through the end section from one storey to the next, as is normally the case at the top section of the column in a storey other than the top one (Fig. 8.3a), the fixed-end rotation may be taken as given by Formula (8.12).
	(8.12)
where loy,min is the minimum straight length a smooth bar needs to develop its yield stress, from Formula (8.10);
b) If the bars have hooked ends and are lap-spliced at floor levels (Fig. 8.3b), the fixed-end rotation at the base section of the column in the storey may be taken as given by Formula (8.13).
NOTE	This is normally the case at the bottom section in a storey other than the lowermost one above the foundation.
	(8.13)
where
	lo
	is the lap splice at the base of the column;

	fo,b
	is the maximum stress the bar can develop at its hook, according to Formula (8.7);


c) At the top section of the column’s uppermost storey, the fixed-end-rotation may be taken as given by Formula (8.14).
	(8.14)
where
	lb
	is the embedment length of the bar into the uppermost member the column is connected to (normally a beam);

	fo,t
	is the maximum stress the bar can develop at the hook of its embedded length according to Formula (8.7);


d) At the bottom section of the lowermost storey above the foundation or the top of a rigid basement (Figure 8.3b), the fixed-end-rotation may be taken as given by Formula (8.15).
	(8.15)
where
	fo,b
	maximum stress the starter bar can develop at its hook from Formula (8.7) (as in case (b)),

	lb,0
	embedment length of the starter bar into the foundation;

	fo,b0
	maximum stress the starter bar can develop at the hook of its embedded length according to Formula (8.7).


(2) The effective stiffness of the column in storey i may be estimated from the yield moments and the chord rotations at yielding of the two end sections as given by Formula (8.16).
	(8.16)
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(1) Factor abars should be calculated according to a) to c), as appropriate:
a) If smooth bars are continuous, abars is given by Formula (8.17).
	(8.17)
b) If smooth bars are lapped with hooks, abars is given by Formula (8.18).
	(8.18)
c) If smooth bars are lapped with straight lappings, abars is given by Formula (8.19).
	(8.19)
(2) The plastic part of the ultimate chord rotation, , may be calculated according to prEN 1998-1-1:2022, 7.2.2.1.2.
(3) For multi-storey columns in buildings, lap-spliced at floor levels, in Formulas (8.17) to (8.19) the full length of column bars (equal to the storey height plus the lapping) may be used as shear span for evaluating shearspan in prEN 1998-1-1:2022, Formula (7.5), instead of one-half of the storey clear height.
NOTE	For multi-storey columns in buildings, lap-spliced at floor levels, Formulas (8.17) to (8.19) normally give very safe-sided predictions. With the procedure described in (3), the conservatism is reduced, but not eliminated. To avoid the deviation of predictions in full, multi-storey columns, a more accurate estimation can be pursued, according to Annex B, B.3.
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(1) As specified in 5.5, mean values of material properties should be used in the verifications. 
(2) The shear resistance of beams, columns and walls should be calculated in accordance with prEN 1998-1-1:2022, 7.2.3.
[bookmark: _Toc486860104][bookmark: _Toc486925483][bookmark: _Toc486966691][bookmark: _Toc487010551][bookmark: _Toc486860105][bookmark: _Toc486925484][bookmark: _Toc486966692][bookmark: _Toc487010552][bookmark: _Toc330368515][bookmark: _Toc475370513][bookmark: _Toc354300297][bookmark: _Toc484691492][bookmark: _Toc494123143][bookmark: _Toc20932340][bookmark: _Toc96792474][bookmark: _Toc132813399][bookmark: _Toc119720389]Beam-column joints
(1) The shear resistance of beam/column joints should be calculated in accordance with prEN 1998-1-2:2023, 7.2.4.
[bookmark: _Toc475370516][bookmark: _Toc354300298][bookmark: _Toc484691495][bookmark: _Toc494123144][bookmark: _Toc20932341][bookmark: _Toc96792475][bookmark: _Toc132813400][bookmark: _Toc119720390]Verification of limit states
[bookmark: _Toc475370517][bookmark: _Toc354300299][bookmark: _Toc484691496][bookmark: _Toc494123145][bookmark: _Toc20932342][bookmark: _Toc96792476][bookmark: _Toc132813401][bookmark: _Toc119720391]Beams, columns and walls under flexure with and without axial force
[bookmark: _Toc475370518][bookmark: _Toc354300300][bookmark: _Toc484691497][bookmark: _Toc494123146][bookmark: _Toc20932343]Limit state of Near Collapse (NC)
(1) The chord rotation capacity corresponding to NC should be given by the ultimate value, θu, given in 8.4.2, and 8.6, as relating to each retrofitting method, divided by the corresponding partial factor on resistance (deformation) Rd, using Formula (8.20).
	(8.20)
(2) The partial factor Rd accounting for uncertainty in the ultimate deformation should be evaluated by considering the uncertainty of all parameters involved in the corresponding Formulas in 8.4.2, and those rules in 8.6 relating to each retrofitting method. Values for primary members are given in (3) to (5). For secondary members, the value of γRd may be taken equal to 1,0.
(3) In case of ribbed bars with short lappings, Table 8.2 provides the values of the total logarithmic standard deviation lnR of the resistance model required to evaluate the partial factor (see note 2 of prEN 1998-1-1:2022, 6.7.2(1)) as a function of the section type and associated dominant KL. prEN 1998-1-2:2023, Table 10.2, should be used for members with ribbed bars, continuous or with lappings longer than lou,min in the plastic hinge region.
NOTE 1	The dependence of lnR is stronger on either KLD or KLG. The dependence on the other two KLs is comparatively small and can be ignored. 
NOTE 2	The section type “other” includes all shapes not rectangular or circular, like, e.g. box-section. 
Table 8.2 — Values of the total logarithmic standard deviation lnR for 
ribbed bars with short lappings
	Section
	Dominant KL
	1
	2
	3

	Rectangular
	D
	0,50
	0,50
	0,45

	Circular
	G
	0,40
	0,35
	0,35

	Other
	G
	0,45
	0,45
	0,40


(4) [bookmark: _Toc475370519][bookmark: _Toc354300301][bookmark: _Toc484691498][bookmark: _Toc494123147][bookmark: _Toc20932344]In case of smooth bars with hooks, Table 8.3 provides the values of the total logarithmic standard deviation lnR of the resistance model required to evaluate the partial factor (see note 2 of prEN 1998-1-1:2022, 6.7.2(1)), as a function of the section type and associated dominant KL.
Table 8.3 — Values of the total logarithmic standard deviation lnR for 
smooth bars with hooks
	Section
	Dominant KL
	1
	2
	3

	Rectangular
	D
	0,50
	0,48
	0,48

	Circular
	G
	0,49
	0,48
	0,47

	Other
	G
	0,50
	0,48
	0,48


(5) In case of smooth bars with straight lappings, Table 8.4 provides the values of the total logarithmic standard deviation lnR of the resistance model required to evaluate the partial factor (see note 2 of prEN 1998-1-1:2022, 6.7.2(1)), as a function of the section type and associated dominant KL.
Table 8.4 — Values of the total logarithmic standard deviation lnR for 
smooth bars with straight lappings
	Section
	Dominant KL
	1
	2
	3

	Rectangular
	D
	0,70
	0,65
	0,60

	Circular
	D
	0,65
	0,60
	0,55

	Other
	D
	0,85
	0,75
	0,70


Limit state of Significant Damage (SD)
(1) The chord rotation capacity corresponding to significant damage, SD, tο be used for verification, should be assumed to be a fraction of the ultimate chord rotation u given in 8.4.2, and those rules in 8.6 relating to each retrofitting method. This fraction should be as defined in prEN 1998-1-1:2022, 6.7.2, Formulas (6.32) and (6.34), and the same value of  or  may be used. The value should be divided by the corresponding partial factor on resistance Rd.
(2) The partial factor Rd accounting for uncertainty in the deformation at Significant Damage should be evaluated by considering the total logarithmic standard deviations in 8.5.1.1 and the target reliability index for SD and the appropriate CC, according to note 2 of prEN 1998-1-1:2022, 6.7.2(1).
[bookmark: _Toc475370520][bookmark: _Toc354300302][bookmark: _Toc484691499][bookmark: _Toc494123148][bookmark: _Toc20932345]Limit state of Damage Limitation (DL)
(1) At the DL limit state, so that deformations remain in the elastic domain, the bending moment should be limited to the yield moment, My, under the design value of the axial load.
[bookmark: _Toc94716648][bookmark: _Toc94716650][bookmark: _Toc498961982][bookmark: _Toc499101592][bookmark: _Toc499227223][bookmark: _Toc499231613][bookmark: _Toc475370521][bookmark: _Toc354300303][bookmark: _Toc484691500][bookmark: _Toc494123149][bookmark: _Toc20932346][bookmark: _Toc96792477][bookmark: _Toc132813402][bookmark: _Toc119720392]Beams, columns and walls: shear
[bookmark: _Toc475370522][bookmark: _Toc354300304][bookmark: _Toc484691501][bookmark: _Toc494123150][bookmark: _Toc20932347]Limit state of Near Collapse (NC)
(1) The action effects on these members should be verified against the resistances given in 8.4.3 for existing members and in 8.6 (relating to each retrofitting method) for strengthened members, divided by the corresponding partial factor on resistance Rd, using Formula (8.21).
	(8.21)
(2) The partial factor Rd accounting for uncertainty in the shear strength should be evaluated by considering the dispersion of all parameters involved in the corresponding Formulas (in 8.4.3 and 8.6).
(3) Values of Rd may be taken as given in a) and b):
a) For primary members, values of the total logarithmic standard deviation lnR of the resistance model needed to calculate the partial factor (see note of prEN 1998-1-1:2022, 6.7.2(2)) to divide the shear strength (8.4.3(2) to (5)), possibly increased by upgrading (8.6.2.2(2), 8.6.3.2, 8.6.4.3), are given in Table 8.5 as a function of KLG.
Table 8.5 — Values of the total logarithmic standard deviation lnR accounting for uncertainty in the shear strength at NC limit state, possibly increased by retrofitting
	Section
	Dominant KL
	1
	2
	3

	Rectangular
	G
	0,50
	0,45
	0,40

	Circular
	G
	0,50
	0,40
	0,40

	Other
	G
	0,45
	0,40
	0,40


b) For secondary members and in all formulas, the value of γRd may be taken equal to 1,0.
[bookmark: _Toc475370523][bookmark: _Toc354300305][bookmark: _Toc484691502][bookmark: _Toc494123151][bookmark: _Toc20932348]Limit state of Significant Damage (SD) and Damage Limitation (DL)
(1) Verification against the exceedance of these two LS is not required, unless one of these two LS is the only one to be verified. In that case 8.5.2.1 should be applied.
[bookmark: _Toc475370524][bookmark: _Toc354300306][bookmark: _Toc484691503][bookmark: _Toc494123152][bookmark: _Toc20932349][bookmark: _Toc96792478][bookmark: _Toc132813403][bookmark: _Toc119720393][bookmark: _Hlk96209766]Beam-column joints
[bookmark: _Toc475370525][bookmark: _Toc354300307][bookmark: _Toc484691504][bookmark: _Toc494123153][bookmark: _Toc20932350]Limit state of Near Collapse (NC)
(1) The design horizontal shear force, 𝑉Ed,j, acting on the joint should be evaluated as given in (2) to (6), using the mean properties for materials.
(2) If Myb < Myc, where Myb is the sum of yield moments of beams framing into the joint and Myc the corresponding sum for the columns, the design horizontal shear force, 𝑉Ed,j, acting on the joint should be taken as given by Formula (8.22).
	(8.22)
NOTE	In this case, the beams govern the shear input in the joint.
(3) In Formula (8.22), the horizontal shear force Vjh in the joint may be taken as given by Formulas (8.23) and (8.24), at interior and exterior joints, respectively.
	(8.23)
	(8.24)
where
	Asb1, Asb2
	are the cross-sectional areas of the beam top and bottom reinforcement;

	Vc
	is the column shear at beam plastic hinging;

	Hst
	is the average of the storey heights above and below the joint;

	Lb and Lbn
	are the average theoretical and clear span of the beams framing into the joint;

	zb
	is the beam internal lever arm.


(4) If Myb > Myc, the design horizontal shear force, 𝑉Ed,j, acting on the joint should be taken as given by Formula (8.25).
	(8.25)
where
	hc
	is the column cross-sectional depth in the horizontal direction in which the joint is assessed;

	hb
	is the beam depth.


NOTE	In this case, the columns govern the shear input in the joint.
(5) In Formula (8.25), the vertical shear force in the joint core may be taken as given in Formula (8.26).
	(8.26)
where
	zc
	is the internal lever arm of the column;

	Hst and Hst,n
	are the total and the clear storey height – average value in the storeys above and below;

	ΔVb
	is the difference in beam shear forces left and right of the joint due to gravity loads alone.


(6) The horizontal shear force from Formulas (8.22) to (8.25), whichever controls according to (2) or (3), should be verified against the design shear resistance of the joint, which should be estimated according to prEN 1998-1-1:2022, 7.2.4.
[bookmark: _Toc475370526][bookmark: _Toc354300308][bookmark: _Toc484691505][bookmark: _Toc494123154][bookmark: _Toc20932351]Limit state of Significant Damage (SD) and Damage Limitation (DL)
(1) Verification against the exceedance of these two LS is not required, unless one of these two LS is the only one to be verified. In that case, 8.5.3.1 applies.
[bookmark: _Toc475370527][bookmark: _Toc354300309][bookmark: _Toc484691506][bookmark: _Toc494123155][bookmark: _Toc20932352][bookmark: _Toc96792479][bookmark: _Toc132813404][bookmark: _Toc119720394]Resistance models for retrofitting
NOTE	Resistance models for a number of retrofitting methods are given in 8.6.
[bookmark: _Toc330368517][bookmark: _Toc475370528][bookmark: _Toc354300310][bookmark: _Toc484691507][bookmark: _Toc494123156][bookmark: _Toc20932353][bookmark: _Toc96792480][bookmark: _Toc132813405][bookmark: _Toc119720395]General
(1) The partial factors on resistance specified in 8.5 should be applied on the resistance and deformation capacity of the retrofitted member, as determined in accordance with 8.6 using the ultimate capacities in 8.4.2 and 8.4.3.
(2) For the material partial factors to be applied to the new steel and concrete, and to new structural steel used for the retrofitting should be taken equal to those for new members.
[bookmark: _Toc486860123][bookmark: _Toc486925502][bookmark: _Toc486966710][bookmark: _Toc487010570][bookmark: _Toc330368518][bookmark: _Toc475370529][bookmark: _Toc354300311][bookmark: _Toc484691508][bookmark: _Toc494123157][bookmark: _Toc20932354][bookmark: _Toc96792481][bookmark: _Toc132813406][bookmark: _Toc119720396]Concrete jacketing
[bookmark: _Toc494123158][bookmark: _Toc20932355]General
(1) Concrete jackets may be applied to building or bridge columns and walls for all or some of the purposes listed in a) to e):
a) increasing the bearing capacity,
b) increasing the flexural and/or shear resistance,
c) increasing the deformation capacity,
d) improving the strength of deficient lap-splices,
e) increasing the flexural rigidity.
(2) The thickness of the jackets should allow for placement of both longitudinal and transverse reinforcement with a cover complying with the relevant rules of pENprEN 1992-1-1.
(3) When jackets aim at increasing flexural strength, longitudinal bars should be anchored at the member ends, according to the relevant rules of prEN 1992-1-1. In buildings with more than one storey, longitudinal bars should be continued to the adjacent storey through holes piercing the slab, while horizontal ties should be placed in the joint region through horizontal holes drilled in the beams. Ties may be omitted in interior joints if beams frame from all four sides.
(4) When only shear strength and deformation capacity increases are aimed at, along with a possible improvement of lap-splicing, then jackets should be terminated (both concreting and reinforcement) leaving a gap with the horizontal member of about 10 mm.
[bookmark: _Toc475370531][bookmark: _Toc354300313][bookmark: _Toc484691510][bookmark: _Toc494123159][bookmark: _Toc20932356]Enhancement of strength, stiffness and deformation capacity
(1) For the purpose of evaluating strength and deformation capacities of jacketed columns or walls, the approximate simplifying assumptions given in a) to h) may be made.
a) the jacketed member behaves monolithically, with full composite action between old and new concrete;
b) the fact that axial load is originally applied to the old column alone is disregarded, and the full axial load is assumed to act on the jacketed member;
c) the mean value of the strength of the existing concrete and steel are used;
d) the strength of the added concrete and reinforcement are as specified in 5.5(4);
e) standard assumptions for flexural resistance calculation should be used for My, disregarding a possible slip at the interface between old and new concrete layers;
f) the values of θu, θy to be entered in Formulas (8.34) and (8.35) may be calculated from the pertinent Formulas referred to in 8.4.2.2.1 and 8.4.2.2.2, disregarding in the case of θy the last term on the right-hand side of prEN 1998-1-1:2022, Formulas (7.1) to (7.3);
g) in calculating the value of VR of the jacketed member using 8.4.3, the mean value of the strength should be used for both the existing concrete and steel, and the values for added concrete and steel as specified in 5.5(4);
h) in calculating the value of VR of the jacketed member, the existing ties should be neglected;
i) in calculating the value of My of the jacketed members that deliver action effects to brittle components/mechanisms, for use in 6.7.2(2), the mean value of the strength should be used for both the existing concrete and steel, and the added concrete and steel as specified in 5.5(4).
(2) Formulas (8.27) to (8.30) may be used to relate the values of VR, My, θy, and θu, calculated under the assumptions in (1) to the values VR*, My*, y*, and u* to be adopted in the resistance verifications.
	(8.27)
	(8.28)
	(8.29)
	(8.30)
where
	ν
	is the normalised axial loading N/[bchcfc,c+(bjhj-bchc)fc,j] acting on the jacketed member;

	bc, hc
	are the dimensions of the core;

	bj, hj
	are the external dimensions of the jacketed member;

	fc,c, fc,j
	are the concrete strength of the core and the jacket, respectively.


[bookmark: _Toc330368519][bookmark: _Toc475370532][bookmark: _Toc354300314][bookmark: _Toc484691512][bookmark: _Toc494123160][bookmark: _Toc20932357][bookmark: _Toc96792482][bookmark: _Toc132813407][bookmark: _Toc119720397]Steel jacketing
[bookmark: _Toc475370533][bookmark: _Toc354300315][bookmark: _Toc484691513][bookmark: _Toc494123161][bookmark: _Toc20932358]Introduction
(1) Steel jackets may be applied to columns for the purpose of increasing shear strength and/or improving the strength of deficient lap-splices. They may also be considered to increase ductility through confinement.
(2) Steel jackets around rectangular columns may be built up of four corner angles to which either continuous steel plates, or thicker discrete horizontal steel straps, are welded. Corner angles may be epoxy-bonded to the concrete, or just made to adhere to it without gaps along the entire height. Straps may be pre-heated just prior to welding, in order to provide afterwards some positive confinement on the column.
NOTE	Using four corner angles welded to continuous or discrete horizontal steel plates is the more common way of steel jacketing.
[bookmark: _Toc475370534][bookmark: _Toc354300316][bookmark: _Toc484691514][bookmark: _Toc494123162][bookmark: _Toc20932359]Shear strength
(1) The contribution of the jacket to shear strength may be assumed as additive to the existing strength, provided the jacket remains within the elastic range. 
NOTE	This condition is necessary for the jacket to be able to control the width of internal cracks and to ensure the integrity of the concrete, thus allowing the original shear resisting mechanism to continue to operate.
(2) In case (1) is applied, the steel stress of the jacket should be limited to 50% of the steel yield strength, in which case the additional shear Vj carried by the jacket should be calculated from Formula (8.31).
	(8.31)
where
	h
	is the depth of the cross-section;

	tj
	is the thickness of the steel straps;

	b
	is the width of the steel straps;

	s
	is the spacing of the steel straps (b/s = 1, in case of continuous steel plates);

	
	is the strut inclination angle;

	β
	is the angle between the axis of the steel straps and the axis of the member (β = 90º, in case of continuous steel plates);

	fyj,d
	is the design yield strength of the steel of the jacket, equal to its characteristic strength divided by the appropriate partial factor (5.5(7)).


[bookmark: _Toc475370535][bookmark: _Toc354300317][bookmark: _Toc484691515][bookmark: _Toc494123163][bookmark: _Toc20932360]Clamping of lap-splices
(1) To improve cyclic deformation capacity, a) to c) should all be applied:
NOTE	Steel jackets can provide effective clamping in the regions of lap-splices.
a) the length of the jacket should exceed by at least 50% the length of the splice region;
b) the jacket should be pressured against the faces of the column by at least two rows of bolts on each side normal to the direction of loading;
c) when splicing occurs at the base of the column, the rows of bolts should be located one at the top of the splice region and another at 1/3 of that region, starting from the base.
[bookmark: _Toc330368520][bookmark: _Toc475370536][bookmark: _Toc354300318][bookmark: _Toc484691516][bookmark: _Toc494123164][bookmark: _Toc20932361][bookmark: _Toc96792483][bookmark: _Toc132813408][bookmark: _Toc119720398]FRP plating and wrapping
[bookmark: _Toc20932362]General
(1) Externally bonded fibre-reinforced polymers (FRP) may be applied to existing reinforced concrete members for the purpose of one or several from a) to d):
a) Enhancement of the flexural resistance of beams, columns and walls with and without axial force;
b) Enhancement of the shear resistance of columns and walls, by applying externally bonded FRP sheets or strips with the fibres in the hoop direction;
c) Enhancement of the available ductility at member ends, through added confinement in the form of FRP jackets, with the fibres oriented along the perimeter;
d) Prevention of lap splice failure, through increased lap confinement again with the fibres along the perimeter.
[bookmark: _Toc494123166][bookmark: _Toc20932363]Beam, columns and walls under flexure with and without axial force
[bookmark: _Toc494123167][bookmark: _Toc20932364]Concrete members with continuous ribbed bars
Chord rotation at yielding of the end of a concrete membe
(1) The yield moment, My, the yield curvature, φy, and the chord rotation at yielding of the end of a concrete member which is wrapped near the yielding end in a FRP jacket may be calculated neglecting the enhancement of concrete strength due to confinement by the FRP, using prEN 1998-1-1:2022, 7.2.2.1.1. Ultimate chord rotation of the end of a concrete member.
(2) The ultimate chord rotation of the end of a concrete member having a rectangular compression zone at right angles to the web, and wrapped in FRP, should be calculated according to prEN 1998-1-1:2022, Formula (7.5), applied with conform = 1, irrespective of whether existing detailing conforms with seismic design rules based on ductility or not, and with confinement given by Formula (8.32).
	(8.32)
where  is the confinement term due to FRP wrapping, which may be taken as given in Formula (8.33).
	(8.33)
where
	αf
	is the effectiveness factor for confinement by FRP of a rectangular section with corners chamfered by radius R (see Figure 8.4) and calculated as given in Formula (8.34);


	(8.34)
	cf
	is equal to 1,9 for CFRP and to 1,15 for GFRP;

	
	is calculated as given in Formula (8.35);


	(8.35)
where
	keff
	is the FRP effectiveness factor equal to 0,6;

	εu,f
	is the ultimate strain of FRP, which may be taken equal to:

	
	= 1,5% for carbon fibre reinforced polymer (CFRP);

	
	= 2% for Glass fibre reinforced polymer (GFRP);

	Ef
	is the elastic modulus of FRP;

	ρf
	= 2tf /b: geometric ratio of the FRP in the direction of loading. In members with smooth bars, wrapped in a FRP jacket, the right-hand-side of formula (8.35) should be multiplied by 0.75, if under the FRP jacket the longitudinal bars are continuous or lapped with hooked ends, or by 0.15, if they are lapped with straight ends




Figure 8.4 — Effectively confined area (shaded portion) in an FRP-wrapped section
(3) For members of any cross-sectional shape (including circular) wrapped in FRP, θu may be estimated using prEN 1998-1-1:2022, Formula (7.6).
(4) The ultimate curvature, u, in a plastic hinge wrapped in an FRP jacket may be taken to occur when one of the following ultimate strains is reached (whichever happens first) in cases a) or b):
a) Before rupture of the FRP:
· for the tension bars, the ultimate strain is given by Formula (8.36).
	(8.36)
· for the FRP-confined concrete, the ultimate strain is given by Formula (8.37).
	(8.37)
where
	c2
	may be obtained using prEN 1998-1-1:2022, Formula (7.9), using as h the depth of the full section;

	αf
	may be taken from Formula (8.34), with b and h equal to 2R in circular columns;

	βf
	may be taken equal to 0,115 for CFRP and GFRP;

	keff, u,f and Ef
	are as defined in Formula (8.33).


b) After rupture of the FRP, the member reverts to its condition without an FRP jacket; 8.4.2.2.2(4) may be applied in that case. The value of ultimate curvature may then be used as ultimate curvature of the section, if it is associated with a flexural resistance of the section which is larger than 80% of the resistance associated with case a).
NOTE	The latter can happen only if the FRP jacket is very weak.
(5) The plastic hinge length, Lpl, to be used in prEN 1998-1-1:2022, Formula (7.6), for both conforming and non-conforming members with detailing and design to present-generation seismic design codes and with an FRP jacket around the plastic hinge region, may be calculated using prEN 1998-1-1:2022, Formulas (7.14) and (7.15).
[bookmark: _Toc494123168][bookmark: _Toc20932365]Concrete members with ribbed longitudinal bars, lap-spliced starting at the end section
General rule
(1) 8.4.2.3 should be applied.
Moment, curvature and chord rotation at yielding of the end of a concrete member with a lap-splice
(1) To account for the effect of short lappings on the yield moment and curvature of a member with an FRP jacket around the region of the lap splice, Formula (8.2) should be applied with loy,min given by Formula (8.38).
	(8.38)
where
	tf
	is the thickness of the FRP jacket;

	R
	is the radius of FRP at chamfered corners of a rectangular section or around a circular one;

	Ec
	is the elastic modulus of concrete;


other symbols are defined in 8.4.2.3.
(2) 8.4.2.3(3) should be applied.
Ultimate chord rotation at the end of a concrete member with lap-splice
(1) The lap length, lou,min, beyond which the ultimate chord rotation is not reduced due to the lap splicing for members with an FRP wrapping, may be calculated using Formula (8.2), where:
	an
	is a factor for confinement effectiveness within a section, equal to 1 in a circular section, or to nrestr/ntot in a rectangular section with nrestr lapped bar pairs restrained inside a chamfered corner of a FRP jacket, out of a total of ntot bar pairs;

	as
	is a factor for confinement effectiveness along the length of the member, equal to 1 for confinement by an FRP jacket;

	ac
	is a confining medium factor, equal to ac = 9,5 for confinement by CFRP, ac = 10,5 for confinement by GFRP;

	R
	is the radius of FRP jacket that confines the lap splice at chamfered corners of a rectangular section or around a circular one;

	pc
	is the confining pressure on the lap splice, equal to tf fu,f/R for confinement by a FRP jacket of thickness tf.


(2) Formula (8.1) may be used for the calculation of the plastic part of the ultimate chord rotation, for members with an FRP wrapping in the lap-splice region. If the total number of bars around the perimeter is not lower than 10, the confinement factor confinement should be taken as given in prEN 1998-1-1:2022, Formula (7.5), without consideration of the term due to the FRP given by Formula (8.33).
(3) For members with FRP wrapping of the lap-slice region, 8.4.2.3.3(2) and prEN 1998-1-1:2022, Formula (7.14), (7.15), should be used with εsu from Formula (8.36).
[bookmark: _Toc494123169][bookmark: _Toc20932366]Concrete columns with smooth bars lap-spliced at floor levels
(1) 8.4.2.4 should be applied to members wrapped with a FRP in the lap-splice region, with the complement given in (2), except for 8.4.2.4.4, which is modified as given in (3) and (4).
(2) The maximum stress that a vertical bar (smooth or ribbed) of diameter dbL can develop ahead of a standard 180o hook or bend, fo, may be taken from Formulas (8.7) and (8.8), where:
	asw
	is the resisting steel area per unit length given by Formula (8.39);


	(8.39)
	kconf
	= 1,0 for confining reinforcement crossing the potential splitting surface and FRP jacket as in Figure 8.2a (net distance ≤ 5db);

	
	= 0,25 for reinforcement within the cover cy and FRP jacket as in Figure 8.2b (cs ≥ 8cy);

	tf
	is the total thickness of confining FRP jacket (if any) crossing potential splitting crack.


(3) The cyclic ultimate chord rotation at the end of a column wrapped with a FRP where longitudinal bars are continuous may be estimated using Formula (8.40).
	(8.40)
where upl is given by prEN 1998-1-1:2022, Formula (7.5).
(4) The ultimate chord rotation at the end of a column wrapped in FRP where longitudinal bars are lap-spliced may be estimated using Formula (8.41).
	(8.41)
where apllap hook,FRP is given by Formula (8.42).
	(8.42)
All other symbols are defined in 8.6.4.2.1.1((2) and 8.6.4.2.2.2(1).
[bookmark: _Toc486860138][bookmark: _Toc486925517][bookmark: _Toc486966725][bookmark: _Toc487010585][bookmark: _Toc494123170][bookmark: _Toc20932367]Shear resistance
(1) To enhance shear resistance of brittle components in beams, columns or walls, FRP strips or sheets may be applied, either by fully wrapping the member, or in the case of beams, by bonding them to the sides and the soffit of the beam (U-shaped strip or sheet), as shown in Figure 8.5.
NOTE	The case of strengthening concrete members in shear outside a flexural plastic hinge region using externally bonded FRP and the evaluation of the shear resistance of the strengthened member is treated in prEN 1992-1-1:2021, Annex J.


Figure 8.5 — FRP retrofitting configurations: (a) open (U-wrapped); (b) fully wrapped
(2) The shear resistance which is controlled by the stirrups and the FRP should be evaluated as the sum of one contribution from the existing reinforced concrete member, evaluated in accordance with prEN 1998-1-1:2022, 7.2.3, and another contribution, Vf, from the FRP, according to (4).
(3) The shear resistance which is controlled by diagonal compression along the inclined compression field should be evaluated without any direct contribution from the FRP.
(4) In members with their plastic hinge region fully wrapped in a FRP jacket over a length lf at least equal to the member depth h, the contribution of the FRP jacket to shear resistance, VR,f, which should be added to that of the transverse reinforcement, VRs, may be calculated from Formula (8.43).
	(8.43)
where
	R
	is the radius of the chamfered corners of the section (see Fig. 8.4);

	Ro
	= 50 mm;

	ρf
	= 2tf/bw is the geometric ratio of the FRP;

	z
	is the length of the internal lever arm, taken equal to d;

	
	is the strut inclination angle with respect to the longitudinal axis;

	fu,fd
	is the design value of the FRP ultimate strength, equal to the FRP ultimate strength, fu,f divided by the partial factor fd of the FRP.


NOTE 1	fd is equal to 1,4, unless the National Annex gives a different value.
NOTE 2	The contribution of the FRP jacket VR,f given by Formula (8.43) assumes that the FRP stress reaches the design value of the FRP ultimate strength, fu,fd, at the extreme tension fibres and reduces linearly to zero over the effective depth d.


[bookmark: _Toc132813409][bookmark: _Toc119720399]Specific rules for steel and composite structures
[bookmark: _Toc132813410][bookmark: _Toc119720400]Scope
(1) [bookmark: _Toc64408791][bookmark: _Toc85833621]This clause contains specific criteria for the assessment of existing steel and composite steel-concrete framed buildings and bridges in their present state and for their retrofitting, when necessary.
(2) Structural modelling and resistance models for assessment of primary and secondary seismic steel and composite steel-concrete members, that conform with DC2 and DC3 structures designed according prEN 1998-1-2:2023, 11 and 12, in terms of generalised load-deformation relationships are given in prEN 1998-1-1:2022, 7.3.
(3) Rules complementary to 5 for knowledge levels of steel and composite steel structures are given in 9.2.
(4) Rules complementary to 6.2 for structural modelling of steel and composite-steel structures are given in 9.3.
(5) Resistance and/or deformation models for assessment of existing structural members in terms of generalised load and deformations are given in 9.4.
(6) Rules complementary to 6.5 for verification of limit states are given in 9.5.
(7) Resistance and/or deformation models for assessment and retrofitting of existing structural members in cases of common techniques are given in 9.6.
[bookmark: _Toc50844372][bookmark: _Ref69113876][bookmark: _Toc96792486][bookmark: _Toc132813411][bookmark: _Toc119720401]Identification of geometry, details and materials
[bookmark: _Toc50844373][bookmark: _Toc96792487][bookmark: _Toc132813412][bookmark: _Toc119720402]General
(1) 9.2 should be applied for the collection of information for buildings in addition to 5. For bridges, 12.4.2 should be applied.
(2) For existing steel structures, the aspects given in a) and b) should be carefully examined and reported:
a) Physical condition of structural steel members and presence of visible rusting, corrosion, cracking or other deterioration. In structural steel members with thicknesses less than 5mm, visible deformations, corrosion particularly near welds or fasteners, loose fasteners should be examined;
b) Continuity of load paths between vertical and lateral load resisting systems, primary and secondary structural members of these systems, and any modifications to these systems, their members, and the overall configuration of the structure.
(3) 8.2.1 should be applied for composite steel-concrete structures.
[bookmark: _Toc50844374][bookmark: _Toc96792488][bookmark: _Toc132813413][bookmark: _Toc119720403]Geometry
(1) The collected data should include all items a) to g):
a) Identification of the lateral load resisting systems in both loading directions;
b) Size and thickness of connecting members including, beams, columns, bracings, links, bracing-end connections, cover plates, stiffeners, and fasteners;
c) Cross-sectional area, section moduli, moment of inertia, and torsional properties;
d) Possible eccentricities between beams and column axes at joints;
e) Possible eccentricities between bracings and beams (or columns) at joints;
f) Current physical condition of base metal and connector materials;
g) Orientation of one-way floor slabs.
(2) In the absence of member deterioration, the nominal geometric properties of cross sections, connecting members and fasteners should be used.
(3) 8.2.2 should be applied for reinforced concrete members and composite-steel beams as part of composite steel-concrete structures.
[bookmark: _Toc50844375][bookmark: _Ref70432120][bookmark: _Toc96792489][bookmark: _Toc132813414][bookmark: _Toc119720404]Details
(1) The collected data should include all items a) to j):
a) Weld types and sizes in welded beam-to-column joints of steel or composite-steel moment resisting frames, welded column or beam splices, and welded bracing-end connections in frames with any type of bracings;
b) Weld types and sizes in stiffeners of links in frames with eccentric bracings;
c) Weld types and sizes in stiffeners and doubler plates as part of beam-to-column web panel zone joints in moment resisting frames;
d) Fastener and/or bolt size and spacing in bolted beam-to-column joints of steel or composite-steel moment resisting frames, bolted column or beam splices, and bracing-end connections in frames with bracings;
e) Column base connection type;
f) Metal sheeting thickness and steel reinforcement in composite floor systems;
g) Welds in fasteners and the replacement of bolts with welded rods;
h) Welds over older welds;
i) Auxiliary or backing plates inadvertently left welded to the structural plates;
j) Inadequate fasteners installation or maintenance, for example, having some inadequate bolts (with incorrect diameters or material) among correct ones, mixing bolts in riveted connections.
(2) [bookmark: _Ref70432122]When construction documents are not available, at least three connection (or joint) types should be identified per lateral-load resisting system. Each connection (or joint) type and its adjoining structural steel or composite steel-concrete members should be exposed and visually inspected. The inspected connection type and its adjoining structural members should be considered representative when no deviations are observed. Additional connection (or joint) types and their structural members should be visually inspected otherwise.
(3) 8.2.3 should be applied for reinforced concrete members as part of composite steel-concrete structures and for composite-steel beams with partial or full composite action.
(4) For each type of structural steel member (beam, column, bracing, etc), weld metals, rivet materials and fasteners, the achieved KL on each material (KLM) should be based on the collected information, as given in Table 9.1.
Table 9.1 — KL on Construction Details as a function of collected information
	Original design documents
	Inspections

	
	L
	E
	C

	Not available
	KLD1
	KLD2
	KLD3

	Incomplete set of design specifications (*) and surveys
	KLD2
	KLD3
	

	Complete set of design specifications including fabrication details (**) and surveys
	KLD3
	
	

	(*) For instance, from design report, notes on drawings.
(**) Fabrication details include specific information on weld types and their toughness, bolt types.


(5) KLD1 may be considered as attained if original design documents on detailing are not available, site inspection according to (2) is undertaken, conditions a), b), c), d), e) and f) of (1) are not known.
(6) KLD2 may be considered as attained, when either a) or b) applies:
a) Original design and fabrication documents are not available, (2) is satisfied but conditions a), b) and c) of (1) are not known;
b) Original design documents are available to identify the type of connection (or joint) detailing, but fabrication documents are not available and conditions a), b), c) of (1) are not known.
(7) KLD3 may be considered as attained, when either a) or b) applies:
a) Original design and fabrication documents are available and sufficient to satisfy (1);
b) Original design and fabrication documents are not available, but field surveys are sufficient to satisfy all conditions of (1) for each connection (or joint) detailing typology of the critical area of the structure, as identified by preliminary analysis, if performed, and at least one connection detailing typology per storey elsewhere. (2) should also be satisfied.
[bookmark: _Toc96792490][bookmark: _Toc132813415][bookmark: _Toc119720405][bookmark: _Toc50844376]Materials
[bookmark: _Ref70432537]General
(1) The collected data for structural steel materials should include all items a) to c):
a) Material grade, shape group and year of construction;
b) Elastic moduli, Poisson’s ratio, yield strength and yield strain, ultimate tensile strength and ultimate strain of structural steel members as part of lateral load resisting systems;
c) Ultimate tensile strength of weld metals, rivet materials and fasteners.
(2) 8.2.4 should be applied for reinforced concrete members in composite steel-concrete structures.
(3) [bookmark: _Ref70432645]In the absence of material test records and quality assurance reports, material properties should be determined by usual material testing.
(4) For each type of structural steel member (beam, column, bracing, etc), weld metals, rivet materials and fasteners, the achieved KL on each material (KLM) should be based on the collected information, as given in Table 9.2.
Table 9.2 — KL on Materials as a function of collected information on steel
	Original design documents
	Testing

	
	L
	E
	C

	Not available
	KLM1 (*)
	KLM2
	KLM3

	Design or fabrication specifications (**)
	KLM2
	KLM3
	

	Material test reports
	KLM3
	
	

	(*) When original design documentation on material is not available and testing is not undertaken as allowed for steel, default values according to the ruling standards at the time of construction or the state of practice may be assumed.
(**) For instance, from design report or notes on drawings.


NOTE	Default values for the material properties based on state of practice and ruling standard as a function of time of construction can be found in the National Annex.
(5) KLM1 may be considered as attained if original design documents are not available and classification of structural steel, weld and rivet metals, as well as fastener materials is done by visual identification, with consideration of the year of the building construction.
(6) In KLM1, the material randomness factor, , should be calculated according to prEN 1998-1-1:2022, 7.3.1(1). For structural steel prior to 1920s  should be assumed equal to 1,0.
(7) [bookmark: _Ref70432540]KLM2 may be considered as attained, when either a) or b) applies:
a) Original design or fabrication documents are not available, no readable markings are found during visual identification according to 9.2.3(2) and the in situ properties of structural steel, weld metals, rivet materials and fasteners are determined by testing;
b) Indications on structural steel, weld metals, rivet materials and fasteners used are available from design or fabrication documents (rather than from test reports) and visual identification confirms the information.
(8) [bookmark: _Ref70432544]KLM3 may be considered as attained when either a) or b) applies:
a) Original manufacturer’s certificates or test reports are available for structural steel weld metals, rivet materials and fasteners, and construction documents are available that confirm the steel type and grade. For welded connections (or joints), the weld type is identified and 9.2.4.2(11) is satisfied;
b) The in situ properties of structural steel are determined based on testing for each structural member typology, weld metals, rivet materials and fasteners, of the critical area of the structure, as identified by preliminary analysis if performed, and at least one sample per floor elsewhere. 9.2.4.2(7) to (11) should be satisfied.
(9) In KLM2 and KLM3,  should be according to prEN 1998-1-1:2022, 7.3.1(1). An alternative value of  may be calculated based on testing in (7) a) (8) b).
(10) Where repairs are necessary to compensate for removed material, including where a weld sample is removed, the location where the material was removed should be ground smooth. The repair should provide equivalent or greater resistance and ductility compared to the existing condition.
[bookmark: _Ref70432329]Structural steel
(1) Steel materials in structural members of buildings and bridges should be classified based on year of construction, the applicable standard specification and material grade and, if applicable, shape group type.
NOTE	Values of steel properties are given in Table 9.3 unless more accurate values are available.
Table 9.3 (NDP) — Default nominal yield and ultimate tensile strength for structural steel materials
	Date of Production
	Material Grade
	Standards and Shape Group Type
	Nominal yield strength, 
[MPa]
	Lower-bound ultimate tensile strength, 
[MPa]

	Before 1901
	Pre-standardised structural steel
	Lamellar graphite cast iron according to EN 1561
	70
	120

	1850-1900
	Wrought iron and homogeneous iron
	Pre-standardized structural steel
	220
	320

	Before 1920
	Cast iron
	Not applicable
	Not applicable*
	Not applicable*

	1900-1940
	Homogeneous iron
	Not applicable
	235
	335

	1925-1955
	Mild steel
	Not applicable
	235
	360

	**1993 - current
	S235
	Structural steels conforming to EN 10025-1, EN 10210-1, EN 10210-2, EN 10219-1 and EN 10219-2
	According to EN 1993-1-1:2022, 5.2, Table 5.1
	According to EN 1993-1-1:2022, 5.2, Table 5.1

	
	S275
	
	
	

	
	S355
	
	
	

	
	S420
	
	
	

	
	S460
	
	
	

	1993 - current
	S260
	Structural steels for hot rolled flat products for cold forming conforming to EN 10149
	According to EN 1993-1-1:2022, 5.2, Table 5.2
	According to EN 1993-1-1:2022, 5.2, Table 5.2

	
	S315
	
	
	

	
	S355
	
	
	

	
	S420
	
	
	

	* Cast iron made before 1920 to resist tensile stresses should not be used in retrofitting
** The yield and ultimate tensile strength of structural steels between 1955 and 1993 may be assumed to be the same as those prior to 1955 or after 1993 depending on the identified steel material designation.


(2) Conditions a) or b) in 9.2.4.1(7) or 9.2.4.1(8) should be met for each primary structural steel member (column, beam, bracings, links) of a lateral-load resisting system separately.
(3) The modulus of elasticity for all structural steel types after 1920 should be taken according to EN 1993-1-1:2022, 5.2.5, unless a different value is obtained by documentation or testing.
(4) The modulus of elasticity for cast and wrought iron should be taken as 140 000 MPa and 200 000 MPa, respectively, unless a different value is obtained by documentation or testing.
(5) In 9.2.4.1(3) and 9.2.4.1(8)b, material testing for identifying the yield strength and yield strain and ultimate tensile strength and ultimate strain of structural steel should be conducted according to EN ISO 6892-1 with minimum three (3) samples of the critical portion of the structure, as identified by preliminary analysis, if performed.
(6) Sampling should take place in regions of members where the decreased cross-sectional resistance caused by sampling remains higher than the demands in the member at the reduced section to resist forces and deformations, unless the affected structural members are temporarily supported and subsequently repaired before removal of the temporary supports.
(7) [bookmark: _Ref70432438]Chemical and/or metallographical analysis should be carried to specify the existing structural steel and to ensure its weldability with regard to possibly necessary strengthening of the existing structure.
(8) [bookmark: _Ref70432440]For weldability in 9.2.4.1(3) and 9.2.4.1(8)b, at minimum the chemical characteristic values of carbon (C), silicon (Si), manganese (Mn), phosphorus (P), sulfur (S), nitrogen (N) of structural steel should be specified according to EN ISO 14284.
(9) [bookmark: _Ref70432441] Carbon equivalent formulas may be used for a proof of weldability of structural steels after 1920 if their chemical composition is known.
(10) [bookmark: _Ref70432444]Proof of weldability may be evaluated with a simple on-site fillet-welded bend test by welding a lug of weldable steel to an existing structural steel member or base metal and hammering it. The weld should not be separated from the base metal at the junction of the weld and base metal.
(11) [bookmark: _Ref70432343]In cases where fracture toughness of structural steels should be determined, Charpy-V notch (CVN) impact testing of minimum three (3) samples should be conducted according to EN ISO 148-1.
NOTE	Except for steel produced according to the Thomas manufacturing method and for cast iron, structural steels have a minimum facture toughness of 27 Joules at a temperature of 20oC. This corresponds to a JR quality according to EN 10025-1.
(12) Structural steel members in buildings and bridges made in wrought or cast iron before 1920 should not be welded for strengthening measures. Other thermal procedures (torch cutting or others) should not be applied. Structural steel members predominantly under compressive loads may be welded for strengthening measures after conducting a proof of weldability test.
Weld metal
(1) Default ultimate tensile strength for the weld metal should be as given in Table 9.4.
Table 9.4 — Default ultimate tensile strength for existing welds
	Listing in Design Documents
	Construction Date
	Default Value

	Filler metal listed
	Any
	The specified minimum tensile strength for the filler metal classification according to prEN 1993-1-8:2021, 6

	Filler metal not listed
	1980 or later
	460 MPa

	
	Prior to 1980
	400 MPa


(2) Default CVN toughness for the weld metal should be as shown in Table 9.5.
Table 9.5 — Default CVN toughness for existing welds
	Listing in Design Documents
	Filler Metal Properties
	Default Value

	Filler metal listed
	The filler metal classification has specified CVN toughness requirements
	The specified minimum CVN notch toughness for the filler metal classification

	
	The filler metal met the requirements of EN 1090-2 for a demand critical weld
	50 Joules at 21oC

	
	The filler metal classification has no specified minimum CVN toughness requirements
	14 Joules at 21oC

	Filler metal not listed
	Any
	14 Joules at 21oC


(3) [bookmark: _Hlk119717181]Where a weld is to be sampled for testing, details regarding weld sample removal should be defined in accordance with EN 1090-2 and EN ISO 5817.
(4) [bookmark: _Hlk119717325]Existing welds may be evaluated with non-destructive testing techniques according to EN ISO 3452 (all parts), EN ISO 17636 (all parts), EN ISO 17638, EN ISO 17640 and EN ISO 23279.
Rivet material
(1) In KLM 1, rivets should be assumed to have a lower-bound yield strength of 220 MPa unless a higher grade is established through construction documentation or testing. Nominal yield and ultimate tensile strength values according to Table 9.6 may be used if the year of construction is known.
Table 9.6 — Default nominal yield and ultimate tensile strength for rivets
	Date of Production
	Material Grade
	Nominal yield strength, fy
[MPa]
	Nominal ultimate strength, fu
[MPa]

	1850-1900
	Wrought iron
	220
	320

	1890-1940
	Homogeneous iron
	220
	320

	From 1925
	Mild steel
	335
	350


(2) The in situ properties of rivets should be determined based on testing of at least three samples according to EN ISO 6892-1.
Fastener material
(1) KLM 1 may be considered as attained, if original design and fabrication documents are not available and classification of fasteners is done by visual identification to determine markings. Where fasteners cannot be properly identified, their ultimate tensile strength may be assumed as that of Class 4.6, unless their ultimate tensile strength is determined through fabrication documentation or testing.
(2) Condition b) in 9.2.4.1(7) may be considered as attained, when readable fastener markings are found during visual identification and fastener classification is possible. Nominal yield and ultimate tensile strengths for older bolts are summarised in Table 9.7.
Table 9.7 — Default nominal yield and ultimate tensile strength for structural bolts
	Date of production
	Bolt Designation
	Equivalent Resistance Class*
	Nominal yield strength, fy
[MPa]
	Nominal ultimate tensile strength, fu
[Mpa]

	From 1920
	4D, St 38
	4.6
	240
	400

	From 1920
	5D
	5.6
	300
	500

	From 1950
	8G
	8.8
	640
	800

	From 1950
	10K
	10.9
	900
	1000

	From 1993 – current
	4.6
	4.6
	According to of prEN 1993-1-8:2021, 5.1, Table 5.1

	
	4.8
	4.8
	

	
	5.6
	5.6
	

	
	6.8
	6.8
	

	
	8.8
	8.8
	

	
	10.9
	10.9
	

	* According to EN 20898-1.


Concrete
(1) 8.2.4.1 should be applied.
Steel reinforcement
(1) 8.2.4.2 should be applied.
[bookmark: _Toc50844377][bookmark: _Toc96792491][bookmark: _Toc132813416][bookmark: _Toc119720406]Structural modelling
(1) [bookmark: _Toc64408792][bookmark: _Toc85833622]The member stiffness, Ke, for linear analysis (except when the q-factor method is used) and the initial stiffness for non-linear analysis should be defined based on the structural member’s effective resistance at yield, , as defined in prEN 1998-1-1:2022, 7.3, and the corresponding deformation at yield, y.
(2) Depending on the primary structural member action (flexure, shear, tension, compression) a) to c) should be applied:
a) Structural members under flexure with or without axial load:
· The effective flexural stiffness  may be taken to be equal to the mean value of , at the two ends of the member. In this calculation, the shear span at the end section, , may be taken to be equal to half the beam clear length from column to column, half the column clear height between connections with other members in the plane of bending.
· The flexural rigidity () of a beam in semi-rigid partial strength beam-to-column joints may be adjusted to account for the flexibility of the end joint according to Formula (9.1).
	(9.1)
where:
	
	moment of inertia of the steel beam about the axis of bending;

	
	elastic stiffness of the semi-rigid partial-strength beam-to-column joint according to 9.4.2.4;

	
	centreline length of the steel beam between joints.


· The elastic stiffness, , of composite steel-concrete members under flexure should be calculated according to prEN 1998-1-2:2023, 12.5.2.
· The elastic stiffness, , of concrete columns under flexure in composite steel-concrete structures should be calculated according to 8.3.
· The elastic stiffness, , of bracing-end connections, such as gusset plates or knife plates according to prEN 1998-1-2:2023, E.4 and E.5, allowing out-of-plane rotations due to flexural buckling of bracings may be calculated according to Formula (9.2).
	(9.2)
where:
	
	is the modulus of elasticity of the gusset plate of the bracing-end connection;

	
	is the gross area of the gusset plate of the bracing-end connection;

	
	is the thickness of the gusset plate of the bracing-end connection;

	
	is the average unrestrained buckling length of the gusset plate of the bracing-end connection according to prEN 1998-1-2:2023, E.5.2(9).


NOTE 1	The effective gusset plate width can conservatively be calculated using a  projection, with that projection limited by any unconnected edge of the gusset plate.
NOTE 2	Bracing-end connections can conservatively be modelled as pinned. Where assessments indicate the need for retrofitting, a more accurate bracing-end connection model can be used.
· The elastic stiffness,  of bracing-end connections, not allowing out-of-plane rotations may be considered as rigid.
b) Structural members in shear with or without axial load:
· The effective shear stiffness of structural steel members in shear may be estimated as , where G is the shear modulus of structural steel, L is the centerline length of the structural member between joints and  is the effective cross-sectional shear area.
· For composite-steel beams, the shear stiffness should be taken as that of the steel cross section alone, unless otherwise justified by test or analysis.
c) Structural members in axial tension and/or compression:
· The effective stiffness of structural members in axial tension and/or compression may be considered equal to EA/L, where A is the gross area of the structural member and L is the centerline length of the member between joints. prEN 1998-1-2:2023, 11.5 or 12.5, may be used, whichever is applicable.
· For fully encased steel structural members in concrete and where the axial tensile forces remain below the crack limit, the axial stiffness should be calculated by using 100% of the steel and 70% of the concrete area, assuming full composite action, if confining steel reinforcement consisting of at least 10 mm at 300 mm spacing or 13 mm at 400 mm spacing is provided and the spacing of the confining steel reinforcement is no more than 0,5 times the least encasing dimension. Otherwise, the axial stiffness should be calculated by assuming no composite action.
(3) In the case of non-linear analysis according to prEN 1998-1-1:2022, 6.2.3, proper piecewise linear force-deformation relationships should be defined at the member level, in terms of generalised stress (moment, shear or axial load) versus corresponding deformation (rotation, displacement, shear distortion). The elastic stiffness should be defined according to (1) and (2).
(4) A piecewise linear relationship may be used to describe the progressive strength deterioration of steel or composite steel-concrete members except for bracings, bracing-end connections and beam-to-column web panel joints. Three damage levels may be defined in terms of deformation thresholds at the member level, which are structurally relevant points along the force-deformation relationship (Figure 9.1), as given in a) to c):
a) Deformation at yield, y (Figure 9.1) corresponding to the attainment of an effective resistance at yield, .
b) Deformation at ultimate, u, (Figure 9.1) of a member corresponding to the attainment of an effective ultimate resistance,, should be calculated based on the deformation at yield, y, plus the plastic part of deformation, .
NOTE	The deformation at ultimate corresponds to a 20% drop in resistance with respect to the maximum resistance of the primary or secondary member.
c) If available, deformation at collapse, c, wherein the member loses its load carrying capacity.


Figure 9.1 — General definition of piecewise linear load-deformation relationship for steel and composite steel-concrete members: (a) limited ductile behaviour; (b) ductile behaviour
NOTE 1	Structural steel members have a considerable plastic rotation capacity in the post-ultimate deformation range compared to other materials.
NOTE 2	Structural steel members can attain a stabilisation path defined by  due to the stabilisation of the buckling length within the plastic hinge region.
(5) The force-deformation relationship between u and c may be a linear softening branch followed by a stabilisation path due to residual resistance, , of steel and composite steel-concrete members (Figure 9.1). The linear softening branch may be defined by a plastic deformation at post-ultimate,  as shown in Figure 9.1. The residual resistance, , may be conservatively assumed equal to zero, but a different value may be adopted from testing.
NOTE	prCEN/TS 1998-1-101 gives a loading protocol and acceptance criteria for such tests.
(6) For structural members that  is available, the deformation at collapse c should be calculated based on the deformation at yield, y, plus the plastic part of deformation, , plus .
(7) When c is available, it should be used instead of u for assessment at NC.
(8) Alternative modelling parameters may be used based on experimentally obtained cyclic response characteristics of a structural member or subassembly.
NOTE	prCEN/TS 1998-1-101 gives a loading protocol and acceptance criteria for such tests.
(9) When the force-based approach is used, the member stiffness may be determined as in prEN 1998-1-1:2022, 6.2.2.
[bookmark: _Toc132813417][bookmark: _Toc119720407]Resistance models for assessment
[bookmark: _Toc64408793][bookmark: _Toc85833623][bookmark: _Toc132813418][bookmark: _Toc119720408]General
(1) 9.4 should be applied to both primary and secondary seismic members.
(2) Damage mechanisms in steel and composite steel-concrete members should be classified as defined in either a), b) or c):
a) “ductile”:
· flexural yielding followed by local buckling in steel beams, columns and links in frames with eccentric bracings under flexure with and without axial force;
· axial yielding and/or member buckling in bracings under axial tension/compression without premature fracture of bracing-end connections;
· shear yielding in steel beam-to-column joints and shear links in frames with eccentric bracings;
· condition a) in 8.4.1(2) for reinforced concrete members in composite steel-concrete structures.
b) “limited ductile”:
· weld fracture occurs in rigid full-strength and/or semi-rigid partial-strength beam-to-column joints with non-compliant full penetration butt welds groove welds and limited inelastic deformation is available;
· bolt fractures in bolted or riveted rigid full-strength and/or semi-rigid partial-strength beam-to-column joints and these still provide reserve inelastic deformation;
c) “brittle”:
· weld fractures in steel column or beam splices with non-compliant full penetration butt welds or partial penetration butt weld groove welds;
· weld and/or bolt premature fractures in bracing-end connections;
· condition b) in 8.4.1(2) for reinforced concrete members in composite steel-concrete structures.
(3) Damage mechanisms in steel or composite-steel members designed according to DC2 and DC3 of prEN 1998-1-2:2023, 11 and 12, should be ductile.
(4) prEN 1998-1-1:2022, 7.3.1, should be applied.
[bookmark: _Toc50756160][bookmark: _Toc96792494][bookmark: _Toc132813419][bookmark: _Toc119720409]	Beams and columns under flexure with or without axial load
General
(1) Verification in flexure of structural steel and composite steel-concrete members (beams, columns), which have not yielded in the seismic situation associated with the limit state considered, may be carried out using prEN 1998-1-2:2023, 11 and 12.
NOTE	(1) means that it suffices to demonstrate that their flexural resistance is higher than the acting bending moments with due consideration of the axial force.
(2) The deformation capacity in rotation of members that have yielded should be defined in terms of the chord rotation, , as defined in prEN 1998-1-1:2022, 7.1.
(3) Beam-to-column joints should be classified as rigid full-strength, semi-rigid partial-strength and flexible partial-strength according to prEN 1993-1-8:2021, 7.2.4. Alternatively, beam-to-column joints may be classified as given in Table 9.8.
Table 9.8 — Steel beam-to-column joint types and typical failure mechanisms
	Joint Type
	Description
	Rigidity
	Resistance

	Welded unreinforced flange bolted web
	Full penetration butt welds between beam and column flanges, bolted web
	Rigid
	Full-strength

	Bolted end plate-stiffened
	Stiffened end plate welded to beam and column flange
	Rigid
	Full-strength

	Reduced beam section (RBS)
	Connection in which the beam flange is reduced to force plastic hinging away from column face
	Rigid
	Full-strength

	Bolted end plate – Unstiffened*
	Unstiffened end plate welded to beam and bolted to column flange
	Semi-rigid
	Partial strength

	Top and bottom seat-angle
	Clip angle bolted or riveted to beam flange and column flange
	Semi-rigid
	Partial strength

	Double split Tee (T-stub)
	Split tees bolted or riveted to beam flange and column flange
	Semi-rigid
	Partial strength

	Bolted flange plate
	Bolted to both the beam and girder webs
	Flexible
	Partial strength

	Simple shear tab
	Simple connection with bolted shear tab
	Flexible
	Partial strength

	* Depending on the end plate thickness, bolted end plate beam-to-column joints may be classified as rigid and full-strength connections according to prEN 1993-1-8.


(4) [bookmark: _Hlk119717862]Full penetration butt welds in rigid full-strength beam-to-column joints should be considered as non-compliant for seismic loading when they do not satisfy the minimum fracture toughness requirements for demand critical welds according to EN 1090-2, EN ISO 6520-1 and weld recommendations according to EN 1011-1 and the weld access hole geometry does not comply to prEN 1998-1-2:2023, E.3.3.3.
(5) Rules for the flexural resistance and deformation capacities of structural members should be taken as given in a) to g), as appropriate:
a) 9.4.2.2 for steel beams in rigid full-strength beam-to-column joints;
b) 9.4.2.3 for composite-steel beams in rigid full-strength beam-to-column joints;
c) 9.4.2.4 for beams in semi-rigid partial-strength beam-to-column joints;
d) 9.4.2.5 for beams in flexible partial-strength beam-to-column joints;
e) 9.4.2.6 for steel columns;
f) 9.4.2.7 for encased or filled composite columns;
g) 8.4.2 for reinforced concrete members.
Steel beams in rigid full-strength beam-to-column joints
Beams with compliant seismic weld detailing
(1) The resistance models for assessment of steel beams should be calculated according to prEN 1998-1-1:2022, 7.3.2.3, when the CJP groove weld connecting the beam flanges or the end plate to the column flange meet prEN 1998-1-2:2023, E.3.3.3.
Steel beams with non-compliant seismic weld detailing
(1) The effective flexural resistance at yield  of a steel beam with a depth larger than 600 mm should be calculated according to Formula (9.3).
	(9.3)
where
	
	is the elastic cross-sectional section modulus of the beam;

	
	is the nominal yield strength of the steel material according to Table 9.3.


(2) 9.4.2.2.1(1) should be applied for calculating the effective flexural resistance at yield  of a steel beam with a depth smaller or equal than 600 mm.
(3) The rotation at yield y of a steel beam where a plastic hinge can form should be calculated according to prEN 1998-1-1:2022, 7.3.2.2(1), by considering  from either (1) or (2), whichever is applicable.
(4) The plastic rotation at ultimate  of a steel beam with non-compliant seismic weld detailing should be calculated according to Formula (9.4).
	(9.4)
(5) The chord rotation at collapse c of a steel beam with non-compliant seismic weld detailing should be calculated according to Formula (9.5).
	(9.5)
where h is the steel beam full depth in millimetres.
(6) The effective flexural resistance at ultimate,  of a steel beam with non-compliant seismic weld detailing should be calculated according to Formula (9.6).
	(9.6)
where
	
	is the effective flexural resistance at yield according to (1) or (2);

	
	is the steel material hardening and may be considered equal to 0,03 for all structural steels (see Figure 9.1).


Composite steel beams in rigid full-strength beam-to-column joints
General
(1) 9.4.2.3 should be applied to steel beams with partial and full composite action in accordance to prEN 1994-1-1.
Composite steel beams with compliant seismic weld detailing
(1) The resistance and deformation models for assessment of composite-steel beams should be calculated according to prEN 1998-1-1:2022, 7.3.2.4, when the CJP groove weld connecting the beam flanges or the end plate to the column flange conform to prEN 1998-1-2:2023, E.3.3.3.
(2) The plastic rotation at post-ultimate,  for flexural hinges of standard steel beams and beams with RBS should be calculated according to Formulas (9.7) and (9.8), respectively.
	(9.7)
	(9.8)
where
	
	is unbraced length of the steel beam;

	
	is the web slenderness ratio of the steel beam;

	
	is the flange slenderness ratio of the steel beam;

	
	is the cross-sectional radius of gyration of a steel beam about its weak axis;

	
	is the nominal yield strength of the steel material according to Table 9.3;

	
	is the material randomness factor according to prEN 1998-1-1:2022, 7.3.1(1);  should be assumed equal to 1,0 if material information is not available.


Composite steel beams with non-compliant seismic weld detailing
(1) The effective flexural resistance at yield,  and ultimate, , should be defined separately for sagging (slab in compression) and hogging (slab in tension) bending for a composite steel beam.
(2) The effective flexural resistance at yield, , of a composite-steel beam under sagging should be calculated as given in prEN 1994-1-1. For steel beams with a depth larger than 600 mm, should be calculated by assuming that the steel beam only yields in tension at the extreme fibre of its bottom flange.
(3) The effective flexural resistance at yield, , of a composite-steel beam under hogging should be calculated according to 9.4.2.2.2(1).
(4) The rotation at yield  of a composite-steel beam where a plastic hinge can form should be calculated according to prEN 1998-1-1:2022, 7.3.2.2(1), by considering  from (2) and  from (2) for hogging and sagging, respectively.
(5) The plastic rotations at ultimate , and  of a composite-steel beam under sagging and hogging, respectively, with non-compliant seismic weld detailing should be calculated according to 9.4.2.2.2(4), Formula (9.4).
(6) The chord rotation at collapse, c, of a composite-steel beam with non-compliant seismic weld detailing should be calculated according to Formula (9.5) for both hogging and sagging.
(7) The effective flexural resistance at ultimate,  and  of a composite-steel beam under sagging and hogging, respectively, should be calculated according to 9.4.2.2.2(5) by using   and  in Formula (9.6).
Beams in semi-rigid, partial-strength beam-to-column joints
General
(1) For steel beams in semi-rigid and partial-strength beam-to-column joints with two or more combined failure mechanisms, the resistance model of the steel beam should be based on the weakest failure mechanism among all.
(2) The rotation at yield, y, of beams in semi-rigid, partial-strength joints may be calculated according to prEN 1998-1-1:2022, 7.3.2.2(2), 7.3.2.2(3) or 7.3.2.2(4), whichever is applicable.
Beam-to-column joints with top and bottom seat angle
(1) Top and bottom angle seat joints shown in Figure 9.2a may fail according to a), b) c) or d):
a) shear failure of rivet or bolt between the bolt flange and the flange angle;
b) tensile failure/fracture of horizontal leg of seat angle;
c) fracture of rivet or bolt in the horizontal leg attaching the vertical outstanding leg to the column flange;
d) flexural yielding/fracture of flange seat angle.
(2) In condition (1) a), the effective flexural resistance at yield, , should be calculated according to Formula (9.9):
	(9.9)
where
	
	is the gross area of the bolt;

	
	is the full depth of the steel beam;

	
	is the nominal yield strength according to Table 9.3;

	
	is the least number of bolts connecting the top or bottom seat angle to the beam flange;

	
	according to prEN 1998-1-1:2022, 7.3.1(1);  may be assumed equal to 1,0 if material information is not available.


(3) In condition (1) a), the plastic rotation,  should be taken equal to 0,035 rad.
(4) In condition (1) a), the chord rotation at collapse, c should be taken equal to 0,048 rad.


Figure 9.2 — Partially rigid, partial-strength beam-to-column joints: (a) Top and bottom angle seat joint; (b) T-stub joint; (c) bolted flange plate joint; (d) bolted end plate unstiffened joint; A: CJP weld; B: fillet weld
(5) In condition (1) b), the effective flexural resistance at yield should be calculated according to Formula (9.10).
	(9.10)
where
	
	is the tensile resistance of the horizontal leg and should be the lesser of  and fu;

	
	is the nominal yield strength of the seat angle according Table 9.3;

	
	is the nominal ultimate tensile strength of the seat angle according Table 9.3;

	
	is the effective net area of the horizontal leg of the seat angle;

	
	is the gross area of the horizontal leg of the seat angle;

	
	according to prEN 1998-1-1:2022, 7.3.1(1);  should be assumed equal to 1,0 if material information is not available;

	
	is the thickness of the seat angle (see Figure 9.2a).


(6) In condition (1) b), the plastic rotation, , should be taken equal to 0,012 rad.
(7) In condition (1) b), the chord rotation at collapse, c should be taken equal to 0,018 rad.
(8) In condition (1) c), the flexural resistance at yield of the joint, , should be calculated according to Formula (9.11).
	(9.11)
(9) In condition (1) c), the plastic rotation,  should be taken equal to 0,015 rad.
(10) In condition (1) c), the chord rotation at collapse, c, should be taken equal to 0,025 rad.
(11) In condition (1) d), the effective flexural resistance at yield, , should be calculated according to Formula (9.12).
	(9.12)
where
	
	is the gross area of the bolt;

	
	is a dimension shown in Figure 9.2a;

	
	is the nominal ultimate tensile strength of the rivets or bolts according to Table 9.6, Table 9.7, respectively, or prEN 1993-1-8:2021, 3.1, depending on the structural bolt resistance class;

	
	is the nominal yield strength of the flange angle according to Table 9.3, depending on the structural steel;

	
	according to prEN 1998-1-1:2022, 7.3.1(1);  should be assumed equal to 1,0 if material information is not available;

	
	is the least number of bolts connecting top or bottom angle to column flange;

	w
	is the length of the flange angle.


(12) In condition (1) d), the plastic rotation,  should be taken equal to 0,045 rad.
(13) In condition (1) d), the chord rotation at collapse, c, should be taken equal to 0,084 rad.
(14) The effective flexural resistance at ultimate, , should be calculated according to 9.4.2.2.2(5), Formula (9.6), by replacing  and  according to (2) to (13), depending on the failure mechanism as defined in (1).
Double split-tee (T-stub) joints
(1) The failure mode of double split-tee joints shown in Figure 9.2b should be classified according to a), b) c) or d):
a) shear failure of rivet or bolt;
b) tensile failure/fracture of rivet or bolt;
c) tensile failure of split-tee stem;
d) flexural yielding/fracture of split tee.
(2) In condition (1) a), the effective flexural resistance at yield, , should be calculated according to 9.4.2.4.1(2), Formula (9.9).
(3) In condition (1) a), the plastic rotation, , should be taken equal to 0,035 rad.
(4) In condition (1) a), the chord rotation at collapse, , should be taken equal to 0,048 rad.
(5) In condition (1) b), the effective flexural resistance at yield, , should be calculated according to Formula (9.13).
	(9.13)
where
	
	is the full depth of the beam (see Figure 9.2b);

	
	is the distance between one row of fasteners in the T-stub flange and the centreline of the stem as shown in Figure 9.2b;

	
	is the thickness of the T-stub stem;

	
	is the ultimate tensile strength of the rivets or bolts according to Table 9.6, Table 9.7, respectively, or prEN 1993-1-8:2021, 3.1, depending on the structural bolt resistance class;

	
	is the gross area of the bolt;

	
	is the number of rivets or bolts in tension connecting the flanges of one T-stub to the column flange.


(6) In condition (1) b), the plastic rotation, , should be taken equal to 0,015 rad.
(7) In condition (1) b), the chord rotation at collapse, c, should be taken equal to 0,048 rad.
(8) In condition (1) c), the effective flexural resistance at yield, , should be calculated according to 9.4.2.4.2(5), Formula (9.13).
(9) In condition (1) c), the plastic rotation, , should be taken equal to 0,012 rad.
(10) In condition (1) c), the chord rotation at collapse, c, should be taken equal to 0,018 rad.
(11) In condition (1) d), the effective flexural resistance at yield, , should be calculated according to Formula (9.14).
	(9.14)
where
	
	is the distance from the centre of the split-tee stem to the edge of the split-tee flange fillet;

	
	is the distance between one row of fasteners in the T-stub flange and the centreline of the stem as shown in Figure 9.2b;

	
	is the length of the split tee;

	
	is the thickness of the split-tee flange (see Figure 9.2b);

	
	is the nominal yield strength of the seat angle according Table 9.3;

	
	according to prEN 1998-1-1:2022, 7.3.1(1);  should be taken equal to 1,0 if material information is not available.


(12) In condition (1) d), the plastic rotation, , should be taken equal to 0,042 rad.
(13) In condition (1) d), the chord rotation at collapse, c, should be taken equal to 0,084 rad.
(14) The effective flexural resistance at ultimate, , should be calculated according to in 9.4.2.2.2(5), Formula (9.6), by replacing  and  according to (2) to (13), depending on the failure mechanism as defined in (1).
Bolted flange plate joints
(1) In bolted flange plate joints, as shown in Figure 9.2c, the flange plate should be welded to the column and welded or bolted to the beam flange.
(2) The failure mode of bolted flange plate joints shown in Figure 9.2c should be classified according to a) or b):
a) net section fracture of flange plate or shear failure of bolts or rivets;
b) weld fracture or tensile fracture on gross section of plate.
(3) Bolted flange plate joints may be considered as full-strength if their flexural resistance at yield is not lower than the flexural resistance at yield of the connected steel beam, as calculated in 9.5.2.2.1 or 9.4.2.2.2, whichever is applicable.
(4) The effective flexural resistance at yield, , should be calculated according to Formula (9.15).
	(9.15)
where
	
	is the tensile resistance of the flange plate connection, that is calculated either based on the net section of the flange plate, or the shear resistance of the bolts, or the resistance of the welds to the column flange;

	
	is the thickness of the flange plate;

	
	is the full depth of the steel beam (see Figure 9.2c).


(5) In condition (2) a), the plastic rotation, , should be taken equal to 0,03 rad.
(6) In condition (2) b), the plastic rotation, , should be taken equal to 0,012 rad.
(7) In condition (2) b), the chord rotation at collapse, c should be taken equal to 0,018 rad.
(8) The effective flexural resistance at ultimate, , should be calculated according to 9.4.2.2.2(5), Formula (9.6), by replacing  and  with those calculated according to (2) to (7), depending on the failure mechanism as defined in (1).
Bolted end plate unstiffened joints
(1) The failure mode of bolted end plate unstiffened joints shown in Figure 9.2d should be classified according to a) or c):
a) yield of end plate;
b) bolt yield / fracture;
c) weld fracture.
(2) Bolted end plate joints as shown in Figure 9.2d should be considered as full-strength if their effective flexural resistance at yield, , is equal or exceeds the effective flexural resistance at yield of the connecting steel beam, as calculated in 9.5.2.2.1 or 9.4.2.2.2, whichever is applicable.
(3) In condition (1) a), the effective flexural resistance at yield, , should be calculated for the limit state of bending in the end plate, calculated in accordance with prEN 1993-1-8:2021, 6.2.6.5.
(4) In condition (1) a), the plastic rotation, , should be taken equal to 0,042 rad.
(5) In condition (1) b), the effective flexural resistance at yield, , should be calculated for the limit state of the bolts under combined shear and tension, in accordance with prEN 1993-1-8:2021, 6.2.6.5.
(6) In condition (1) b), the plastic rotation, , should be taken equal to 0,018 rad.
(7) In condition (1) b), the chord rotation at collapse, c, should be taken equal to 0,024 rad.
(8) In condition (1) c), the plastic rotation, , should be taken equal to 0,012 rad.
(9) In condition (1) c), the chord rotation at collapse, c, should be taken equal to 0,018 rad.
Beams in flexible, partial-strength beam-to-column joints
(1) The failure mode of beams in flexible partial-strength joints with a simple shear tab should be classified according to a) or b):
a) net section of the shear tab;
b) shear rupture of bolts.
(2) The effective flexural resistance at yield, , for a steel beam under sagging in simple shear tab joints should be calculated according to Formula (9.16).
 	(9.16)
(3) The effective flexural resistance at yield,  for a steel beam under hogging in simple shear tab joints should be calculated according to Formula (9.17).
	(9.17)
where
	
	is the flexural resistance at ultimate of simple shear tab joints under sagging and may be calculated according to (4) or (5), whichever is applicable;

	
	is the flexural resistance at ultimate of simple shear tab joints under hogging and may be calculated according to (4) or (6), whichever is applicable.


(4) For steel beams in non-composite floor systems, and   may be assumed equal and be calculated according to Formula (9.18).
 	(9.18)
where  is the flexural resistance at yield of the steel beam and should be calculated according to 9.4.2.2.1(1), 9.4.2.2.2(1), or 9.4.2.2.2(2), whichever is applicable.
(5) For steel beams in composite floor systems, the flexural resistance at ultimate  under sagging may be calculated according to Formula (9.19).
	(9.19)
where  is the flexural resistance at yield of the steel beam and should be calculated according to 9.4.2.2.1(1), 9.4.2.2.2(1), or 9.4.2.2.2(2), whichever is applicable.
(6) For steel beams in composite floor systems, the flexural resistance at ultimate  under hogging may be calculated according to Formula (9.18).
(7) The plastic rotation at ultimate  of a steel beam in non-composite and partial- or full-composite simple shear tab beam-to-column joints should be calculated according to Formulas (9.20) and (9.21), respectively.
	(9.20)
	(9.21)
where h is the steel beam full depth in millimetres. 
Steel columns
(1) The resistance models for assessment of steel columns should be calculated according to prEN 1998-1-1:2022, 7.3.2.6.
(2) The chord rotation at collapse, c, of a I- and H-shaped steel columns and HSS columns should be calculated according to Formula (9.22) and Formula (9.23), respectively.
	(9.22)
	(9.23)
where
	
	is unbraced length of the steel column;

	
	is the web slenderness ratio of the steel column cross section;

	
	is the radius of gyration of a steel column cross section about its weak axis;

	
	is the axial load in the column due to non-seismic actions in the seismic design situation;

	
	is the expected axial yield resistance of the column (;

	
	is the yield strength of the steel material according to Table 9.3;

	
	is the cross-sectional area of the steel column;

	
	is the depth of the edge of the respective HSS cross section parallel to the direction of the seismic action;

	
	is the thickness of the HSS cross section;

	
	according to prEN 1998-1-1:2022, 7.3.1(1);  should be assumed equal to 1,0 if material information is not available.


Encased or filled composite columns
1. The resistance and deformation models for assessment of encased or filled composite columns should be calculated according to the requirements of prEN 1998-1-1:2022, 7.3.2.7.
[bookmark: _Toc132813420][bookmark: _Toc119720410][bookmark: _Toc96792495]Steel bracings
1. The resistance and deformation models for assessment of steel bracings should be calculated using prEN 1998-1-1:2022, 7.3.3.
[bookmark: _Toc132813421][bookmark: _Toc119720411]Links in frames with eccentric bracings
(1) The resistance and deformation models for assessment of links in frames with eccentric bracings should be calculated using prEN 1998-1-1:2022, 7.3.5.
[bookmark: _Toc50756164][bookmark: _Toc96792497][bookmark: _Toc132813422][bookmark: _Toc119720412]Buckling restrained bracings
(1) 	The resistance and deformation models for assessment of links in frames with eccentric bracings should be calculated using prEN 1998-1-1:2022, 7.3.6.
[bookmark: _Toc96792498][bookmark: _Toc132813423][bookmark: _Toc119720413]Steel column and beam splices
General
	Steel column-to-column and beam-to-beam splices should be treated as non-dissipative for assessment.
	Normal stress demands in the seismic design situation within the splice should not exceed a critical stress depending the steel splice type.
	Normal stress effect, , should be calculated by taking into account the interaction of axial load and biaxial bending in the seismic design situation according to Formula (9.24).
	(9.24)
where
	
	is the axial load in the splice in the seismic design situation, if applicable;

	
	is the bending moment in the splice in strong axis bending in the seismic design situation, if applicable;

	
	is the bending moment in the splice in weak axis bending in the seismic design situation, if applicable;

	
	is the gross area of the smaller member in the splice;

	
	is the elastic section modulus of the smaller member in the splice in strong-axis bending;

	
	is the elastic section modulus of the smaller member in the splice in weak-axis bending.


Welded splices with complete penetration butt welds
1. 	The nominal tensile strength of splices made with complete penetration butt welds should be determined according to 9.2.6 by considering lower-bound ultimate tensile strengths.
1. 	The nominal tensile strength of splices made with complete penetration butt welds should be larger than  calculated using Formula (9.24).
Welded splices with partial penetration butt welds
1. 	The nominal tensile strength, cr, of splices made with partial penetration butt welds should be determined according to Formula (9.25).
	(9.25)
where
	
	is a fracture toughness parameter in  and may be calculated based on the Charpy V-notch toughness value of the PJP weld of the splice according to prEN 1993-1-10 or EN ISO 148-1. If the CVN value of the partial penetration butt weld is not available, then it may be assumed equal to 10 Joules;

	
	is the dimension of the smaller flange or web thickness that is not welded, in millimetres;

	
	is the thickness of the flange or web of the smaller member in the splice, in millimetres;

	
	is the yield strength of the filler weld metal;

	
	is a parameter that should be calculated according to Formula (9.26).


	(9.26)
1. 	The nominal tensile strength, cr, of splices made with partial penetration butt welds should be larger than Ed 𝑐alculated using Formula (9.24).
Bolted splices
(1) 	The nominal tensile strength of bolted splices should be calculated according to prEN 1993-1-8:2021, 5.1, by considering the default nominal yield and ultimate tensile strengths for structural steels according to Table 9.3.
(2) 	The nominal tensile strength of bolted splices should be larger than Ed according to Formula (9.24).
[bookmark: _Toc96792499][bookmark: _Toc132813424][bookmark: _Toc119720414]Beam-to-column web panel joint
(1) 	The resistance of beam-to-column web panel joints should be calculated using prEN 1998-1-1:2022, 7.3.4.
(2) 	The shear distortion at ultimate, p should not exceed 6 y in beam-to-column web panel joints where steel beams are those in 9.4.2.2.1. 
(3) 	The shear distortion at ultimate, p should not exceed 10 y in beam-to-column web panel joints where steel beams are those in 9.4.2.2.2.
[bookmark: _Toc96792500][bookmark: _Toc132813425][bookmark: _Toc119720415]Bracing-end connections
General
(1) 	Verification in flexure of bracing-end connections, which have not yielded in the seismic situation associated with the limit state considered, may be carried out using prEN 1998-1-2:2023, 11 and 12, i.e., it suffices to demonstrate that their flexural resistance is higher than the acting bending moments with due consideration of the axial force.
(2) 	The deformation capacity in rotation of bracing-end connections allowing rotations due to brace buckling under repeated cyclic loading should be defined in terms of a chord rotation,  by assuming the bracing is in single curvature after flexural buckling occurs.
(3) 	The verification of bracing-end connections welded to the steel column and/or beam, welds made with complete penetration butt welds meeting the requirements of EN 1090-2 may be neglected.
(4) 	In bracing-end connections welded to the steel column and/or beam, the strength of fillet welds should be verified according to prEN 1993-1-8:2021, 6.3.
(5) 	In bracing-end connections welded to the steel column and/or beam, welds made of partial penetration butt welds should be verified according to EN 1993-1-1:2022, 6.3, based on their ultimate tensile strength.
Bracing-end connections allowing rotations
(1) 	The flexural resistance at yield, , of bracing-end connections that comply with prEN 1998-1-2:2023, E.3, E.4 and E.5, should be calculated according to Formula (9.27).
	(9.27)
where
	
	is the effective width of the gusset plate at the hinge zone according to prEN 1998-1-2:2023, E.5.2(8);

	
	is the steel material yield strength according to Table 9.3;

	
	is the thickness of the gusset plate.


(2) 	The rotation at yield, , of bracing-end connections allowing rotations that comply with prEN 1998-1-2:2023, E.3, E4 and E5, may be calculated according to Formula (9.28).
	(9.28)
where
	
	should be calculated according to Formula (9.27);

	
	should be calculated according to Formula (9.2).


(3) 	The plastic rotation, , of bracing-end connections allowing rotations that comply with prEN 1998-1-2:2023, E.3, E4 and E5, may be taken equal to 0,20 rad, unless a different value is supported by available testing.
NOTE	prCEN/TS 1998-1-101 gives a loading protocol and acceptance criteria for such tests.
(4) 	The effective flexural resistance at ultimate, , of bracing-end connections allowing rotations that comply with prEN 1998-1-2:2023, E.3, E4 and E, may be calculated according to 9.4.2.2.2(6), Formula (9.6), with the values of  and  calculated according to Formula (9.27) of (1) and (3), respectively.
Bracing-end connections not allowing rotations
(1) 	Bracing-end connections not allowing out-of-plane rotations in buckling bracings should be treated as non-dissipative for assessment.
(2) 	Welded bracing-end connections made with filler metal that does not comply with the fracture toughness requirements of EN 1090-2 for demand critical welds should be evaluated such that the nominal strength is equal to 75% of the default nominal strength.
(3) 	Tensile yielding of the connecting plate should be calculated according to EN 1993-1-1:2022, 8.2.3, based on the nominal yield strength values given in Table 9.3.
(4) 	Tensile rupture in the net section of the connecting plate should be calculated according to EN 1993-1-1:2022, 8.2.3, based on the nominal ultimate tensile strength values given in Table 9.3.
(5) 	Block shear rupture resistance of the connecting plate should be calculated according to EN 1993-1-1:2022, 8.2.6, based on the nominal yield and ultimate tensile strength values given in Table 9.3.
(6) 	The compressive resistance of the connecting plate should be calculated according to EN 1993-1-1:2022, 8.2.5, by assuming an effective length factor of 0,65 for corner gusset plates at the bracing-beam-column intersection and 1,2 for midspan gusset plates at the brace-beam intersection.
(7) 	The shear resistance of bolted bracing-end connections should be calculated according to prEN 1993-1-8:2021, 5, and the nominal yield and ultimate tensile strengths given in Table 9.3.
[bookmark: _Toc50844379][bookmark: _Toc96792501][bookmark: _Toc132813426][bookmark: _Toc119720416]Verification of limit states
[bookmark: _Toc64408797][bookmark: _Toc85833627][bookmark: _Toc132813427][bookmark: _Toc119720417]General
1. The deformation capacity of a primary or secondary structural member or connection corresponding to the limit state of Near Collapse (NC) should be given by the deformation at ultimate, u, or collapse, c, whichever is applicable from 9.3, 9.4 and 9.6, relating to each retrofitting method, divided by the corresponding partial factor of resistance (deformation), Rd using Formula (9.29).
	(9.29)
1. The partial factor, Rd, accounting for uncertainty in the ultimate deformation of the respective member or connection, should be evaluated by considering the uncertainty of all parameters involved in the corresponding Formulas in 9.3, 9.4 and 9.6, relating to each retrofitting method. Values of Rd for primary structural members and their connections should be taken as given in a) to f), as appropriate:
a) 9.5.2 for beams and columns under flexure with or without axial load;
b) 9.5.3 for bracings;
c) 9.5.4 links in frames with eccentric bracings;
a) 9.5.6 for beam-to-column web panel joints;
d) 9.5.7 for bracing-end connections;
e) 8.5 for reinforced concrete members.
1. The deformation capacity of a primary or secondary structural member, connection or joint corresponding to the limit state of Significant Damage (SD) should be given as the deformation at yield, y, plus a fraction of the deformation at ultimate, u, given in 9.3, 9.4 and 9.6, relating to each retrofitting method. This fraction should be as defined in prEN 1998-1-1:2022, 6.7.2, and the same value of  or  may be used. The value should be divided by the corresponding partial factor Rd for SD.
NOTE	The deformation capacity corresponding to the limit state of Significant Damage is always in between the yield and the ultimate deformation, irrespective of the availability of post-ultimate ductility cpl.
1. [bookmark: _Ref69137082]The partial factor Rd accounting for uncertainty in the deformation at SD should be evaluated by considering the dispersion of all parameters involved in the corresponding Formulas in 9.3, 9.4 and 9.6, relating to each retrofitting method. Values may be taken equal to the corresponding ones for new structures as given in prEN 1998-1-2:2023, 6.2.3(4) and 11.6.2(5), irrespective of KLG, KLD and KLM.
1. The deformation capacity of a primary or secondary structural member, connection or joint corresponding to the limit state of Damage Limitation (DL) should be given as the deformation at yield, y, which should be evaluated according to 9.3(4), divided by the corresponding partial factor, Rd, according to Formula (9.30).
	(9.30)
1. [bookmark: _Ref69139006]The partial factor, Rd, accounting for uncertainty in the deformation at yield (or buckling for buckling braces) should be evaluated by considering the dispersion of all parameters involved in the corresponding Formulas in 9.3. The value for primary structural members and their connections may be taken as 1,1. For secondary structural members, the value of Rd may be taken equal to 1,0.
1. The action effects on non-dissipative (brittle) primary structural members, non-dissipative connections and non-dissipative joints should be verified using the effective resistances at yield,  and ultimate, , as defined in 9.3 and 9.4 for existing members, connections and joints and in 9.6 for strengthened members, connections and joints, according to Formula (9.31).
	(9.31)
where
	
	is the effective resistance at yield,  or at ultimate, , whichever is applicable;

	
	is the partial factor Rd accounting for uncertainty in the resistance at yield or at ultimate; it may be considered as constant and equal to 1,1 unless specified differently in 9.5.2 to 9.5.7.


[bookmark: _Toc132813428][bookmark: _Toc119720418]Beams and columns under flexure with or without axial load
[bookmark: _Toc64408802][bookmark: _Toc85833632]Limit state of Near Collapse (NC)
(1) Values of the shape factor required to evaluate the partial factors, Rd, for the deformation capacity of primary structural steel and composite-steel beams and columns (see prEN 1998-1-1:2022, 6.7.2(2)), should be taken as given in (2) to (5), as a function of the associated dominant KL.
NOTE	The dependence of Rd and hence s, is usually stronger on one KL, and that on the other two KLs is comparatively small and can be ignored. For secondary structural members, the value of Rd can be taken equal to 1,00.
(2) The shape factor required to calculate the partial factors on chord rotation for steel and composite steel-concrete beams in rigid full-strength beam-to-column joints with compliant weld in 9.4.2.2.1 and 9.4.2.3.1, may be taken equal to 1,20, irrespective of cross-section type and KL.
(3) The shape factor required to calculate the partial factors on chord rotation for steel and composite steel-concrete beams in rigid full-strength beam-to-column joints with non-compliant weld in 9.4.2.2.2 and 9.4.2.3.2, may be taken equal to 1,00, irrespective of cross-section type and KL.
(4) The shape factors required to calculate the partial factors on chord rotation for beams in semi-rigid and flexible partial-strength beam-to-column joints in 9.4.2.4 and 9.4.2.5, should be taken as given in Table 9.9 as a function of the associated dominant KL.
Table 9.9 — Values of the shape factor, s, accounting for uncertainty in the chord rotation capacity at NC limit state for beams in semi-rigid and flexible partial-strength beam-to-column joints
	[bookmark: _Toc69030983][bookmark: _Toc94716678][bookmark: _Toc96792504]Joint Type
	[bookmark: _Toc69030984][bookmark: _Toc94716679][bookmark: _Toc96792505]Dominant KL
	[bookmark: _Toc69030985][bookmark: _Toc94716680][bookmark: _Toc96792506]1
	[bookmark: _Toc69030986][bookmark: _Toc94716681][bookmark: _Toc96792507]2
	[bookmark: _Toc69030987][bookmark: _Toc94716682][bookmark: _Toc96792508]3

	[bookmark: _Toc69030988][bookmark: _Toc94716683][bookmark: _Toc96792509]Top and bottom set angle
	[bookmark: _Toc69030989][bookmark: _Toc94716684][bookmark: _Toc96792510]D
	[bookmark: _Toc94716685][bookmark: _Toc96792511]0,95
	[bookmark: _Toc69030991][bookmark: _Toc94716686][bookmark: _Toc96792512]0,95
	[bookmark: _Toc94716687][bookmark: _Toc96792513]0,90

	[bookmark: _Toc69030993][bookmark: _Toc94716688][bookmark: _Toc96792514]Double split-tee
	[bookmark: _Toc69030994][bookmark: _Toc94716689][bookmark: _Toc96792515]D
	[bookmark: _Toc69030995][bookmark: _Toc94716690][bookmark: _Toc96792516]0,95
	[bookmark: _Toc69030996][bookmark: _Toc94716691][bookmark: _Toc96792517]0,90
	[bookmark: _Toc94716692][bookmark: _Toc96792518]0,80

	[bookmark: _Toc69030998][bookmark: _Toc94716693][bookmark: _Toc96792519]Bolted flange plate
	[bookmark: _Toc69030999][bookmark: _Toc94716694][bookmark: _Toc96792520]D
	[bookmark: _Toc69031000][bookmark: _Toc94716695][bookmark: _Toc96792521]0,95
	[bookmark: _Toc69031001][bookmark: _Toc94716696][bookmark: _Toc96792522]0,90
	[bookmark: _Toc69031002][bookmark: _Toc94716697][bookmark: _Toc96792523]0,80

	[bookmark: _Toc69031003][bookmark: _Toc94716698][bookmark: _Toc96792524]Bolted end plate unstiffened
	[bookmark: _Toc69031004][bookmark: _Toc94716699][bookmark: _Toc96792525]D
	[bookmark: _Toc69031005][bookmark: _Toc94716700][bookmark: _Toc96792526]0,95
	[bookmark: _Toc94716701][bookmark: _Toc96792527]0,85
	[bookmark: _Toc69031007][bookmark: _Toc94716702][bookmark: _Toc96792528]0,80

	[bookmark: _Toc69031008][bookmark: _Toc94716703][bookmark: _Toc96792529]Simple shear tab
	[bookmark: _Toc94716704][bookmark: _Toc96792530]D
	[bookmark: _Toc69031010][bookmark: _Toc94716705][bookmark: _Toc96792531]0,95
	[bookmark: _Toc69031011][bookmark: _Toc94716706][bookmark: _Toc96792532]0,95
	[bookmark: _Toc69031012][bookmark: _Toc94716707][bookmark: _Toc96792533]0,90


(5) The shape factors required to calculate the partial factors on chord rotation for steel columns in 9.4.2.6 and encased or filled composite columns in 9.4.2.5, should be taken as given in Table 9.10 as a function of the associated dominant KL.
Table 9.10— Values of the shape factor, s, accounting for uncertainty in the chord rotation capacity at NC limit state for steel and encased or filled composite columns
	[bookmark: _Toc69031013][bookmark: _Toc94716708][bookmark: _Toc96792534]Column Type
	[bookmark: _Toc69031014][bookmark: _Toc94716709][bookmark: _Toc96792535]Dominant KL
	[bookmark: _Toc69031015][bookmark: _Toc94716710][bookmark: _Toc96792536]1
	[bookmark: _Toc69031016][bookmark: _Toc94716711][bookmark: _Toc96792537]2
	[bookmark: _Toc69031017][bookmark: _Toc94716712][bookmark: _Toc96792538]3

	[bookmark: _Toc69031018][bookmark: _Toc94716713][bookmark: _Toc96792539]Steel I- or H-shaped
	[bookmark: _Toc94716714][bookmark: _Toc96792540]G
	[bookmark: _Toc69031020][bookmark: _Toc94716715][bookmark: _Toc96792541]1,15
	[bookmark: _Toc69031021][bookmark: _Toc94716716][bookmark: _Toc96792542]1,10
	[bookmark: _Toc69031022][bookmark: _Toc94716717][bookmark: _Toc96792543]1,10

	[bookmark: _Toc69031023][bookmark: _Toc94716718][bookmark: _Toc96792544]Steel hollow structural steel (HSS)
	[bookmark: _Toc94716719][bookmark: _Toc96792545]G
	[bookmark: _Toc69031025][bookmark: _Toc94716720][bookmark: _Toc96792546]1,05
	[bookmark: _Toc69031026][bookmark: _Toc94716721][bookmark: _Toc96792547]1,00
	[bookmark: _Toc69031027][bookmark: _Toc94716722][bookmark: _Toc96792548]1,00

	[bookmark: _Toc69031028][bookmark: _Toc94716723][bookmark: _Toc96792549]Encased composite
	[bookmark: _Toc94716724][bookmark: _Toc96792550]G
	[bookmark: _Toc69031030][bookmark: _Toc94716725][bookmark: _Toc96792551]1,05
	[bookmark: _Toc69031031][bookmark: _Toc94716726][bookmark: _Toc96792552]1,00
	[bookmark: _Toc69031032][bookmark: _Toc94716727][bookmark: _Toc96792553]1,00

	[bookmark: _Toc69031033][bookmark: _Toc94716728][bookmark: _Toc96792554]Filled composite
	[bookmark: _Toc94716729][bookmark: _Toc96792555]G
	[bookmark: _Toc94716730][bookmark: _Toc96792556]0,90
	[bookmark: _Toc94716731][bookmark: _Toc96792557]0,90
	[bookmark: _Toc69031037][bookmark: _Toc94716732][bookmark: _Toc96792558]0,90

	[bookmark: _Toc69031038][bookmark: _Toc94716733][bookmark: _Toc96792559]Reinforced concrete
	[bookmark: _Toc69031039][bookmark: _Toc94716734][bookmark: _Toc96792560]According to 8.5.1.1 or 8.5.2.1, whichever is applicable


Limit state of Significant Damage (SD)
(1) 9.5.1(4) should be applied.
(2) 8.5.1.2 or 8.5.2.2 should be applied for reinforced concrete structural members in composite steel-concrete structural systems.
Limit state of Damage Limitation (DL)
(1) At the DL limit state, so that deformations remain in the elastic domain, the bending moment should be verified to the effective flexural resistance at yield,  according to 9.4.2, depending on the structural member and beam-to-column joint type. The material randomness factor, should be assumed equal to 1,0 in this case.
(2) 9.5.1(6) should be applied.
(3) For reinforced concrete structural members in composite steel-concrete structural systems, 8.5.1.3 or 8.5.2.3 should be applied.
[bookmark: _Toc69031040][bookmark: _Toc94716735][bookmark: _Toc96792561][bookmark: _Toc132813429][bookmark: _Toc119720419]Bracings
General
(1) 9.5.3 should be applied to steel bracings complying with 9.4.3 and buckling-restrained bracings complying with 9.4.5.
Limit state of Near Collapse (NC)
(1) The shape factors required to calculate the partial factors on axial deformation (see prEN 1998-1-1:2022, 6.7.2(2)) for deformation verifications at NC of steel and buckling-restrained bracings as a function of their shape, type and associated dominant KL should be taken as given in Table 9.11.
Table 9.11 — Values of the shape factor, s, accounting for uncertainty in the axial deformation capacity at NC limit state for steel and buckling-restrained bracings
	[bookmark: _Toc69031041][bookmark: _Toc94716736][bookmark: _Toc96792562]Bracing Type
	[bookmark: _Toc69031042][bookmark: _Toc94716737][bookmark: _Toc96792563]Dominant KL
	[bookmark: _Toc69031043][bookmark: _Toc94716738][bookmark: _Toc96792564]1
	[bookmark: _Toc69031044][bookmark: _Toc94716739][bookmark: _Toc96792565]2
	[bookmark: _Toc69031045][bookmark: _Toc94716740][bookmark: _Toc96792566]3

	[bookmark: _Toc94716741][bookmark: _Toc96792567][bookmark: _Toc69031046]Buckling
	[bookmark: _Toc94716742][bookmark: _Toc96792568]G
	[bookmark: _Toc94716743][bookmark: _Toc96792569]0,95
	[bookmark: _Toc94716744][bookmark: _Toc96792570]0,85
	[bookmark: _Toc69031050][bookmark: _Toc94716745][bookmark: _Toc96792571]0,80

	[bookmark: _Toc69031066][bookmark: _Toc94716746][bookmark: _Toc96792572]Buckling-restrained
	[bookmark: _Toc94716747][bookmark: _Toc96792573]M
	[bookmark: _Toc69031068][bookmark: _Toc94716748][bookmark: _Toc96792574]0,75
	[bookmark: _Toc69031069][bookmark: _Toc94716749][bookmark: _Toc96792575]0,70
	[bookmark: _Toc69031070][bookmark: _Toc94716750][bookmark: _Toc96792576]0,70


Limit state of Significant Damage (SD)
(1) 9.5.1(4) should be applied.
Limit state of Damage Limitation (DL)
(1) At the DL limit state, so that deformations remain in the elastic domain, the resistance should be verified taking the effective axial resistance at yield,  and buckling,  according to prEN 1998-1-1:2022, 7.3.3, for steel bracings and the effective axial resistance at yield  according to prEN 1998-1-1:2022, 7.3.6, for buckling-restrained bracings. The material randomness factor, should be taken equal to 1,00 in this case.
(2) The value of the partial factor, Rd, used in the verifications for deformations at yield (or buckling) may be taken constant and equal to 1,10 for bracings.
[bookmark: _Toc69031071][bookmark: _Toc96792577][bookmark: _Toc132813430][bookmark: _Toc119720420]Links in frames with eccentric bracings
Limit state of Near Collapse (NC)
(1) The shape factors to calculate the partial factors on deformation (see prEN 1998-1-1:2022, 6.7.2(2)) for deformation verifications at NC of links in frames with eccentric bracings as a function of their type and irrespective of KL, should be taken as given in Table 9.12.
Table 9.12 — Values of the shape factor, s, accounting for uncertainty in the deformation capacity at NC limit state links in eccentric bracings
	[bookmark: _Toc69031072][bookmark: _Toc94716752][bookmark: _Toc96792578]Link Type
	[bookmark: _Toc69031073][bookmark: _Toc94716753][bookmark: _Toc96792579]s

	[bookmark: _Toc69031077][bookmark: _Toc94716754][bookmark: _Toc96792580]Shear
	[bookmark: _Toc69031078][bookmark: _Toc94716755][bookmark: _Toc96792581]0,75

	[bookmark: _Toc69031082][bookmark: _Toc94716756][bookmark: _Toc96792582]Flexural
	[bookmark: _Toc94716757][bookmark: _Toc96792583]1,20

	[bookmark: _Toc69031087][bookmark: _Toc94716758][bookmark: _Toc96792584]Intermediate
	[bookmark: _Toc94716759][bookmark: _Toc96792585]0,95


Limit state of Significant Damage (SD)
(1) 9.5.1(4) should be applied.
Limit state of Damage Limitation (DL)
(1) At the DL limit state, so that deformations remain in the elastic domain, the resistance should be verified taking the effective shear resistance at yield,  according to prEN 1998-1-1:2022, 7.3.5(5), for shear links and the effective flexural resistance at yield  according to prEN 1998-1-1:2022, 7.3.5(12), for flexure-controlled links. The material randomness factor, should be assumed equal to 1,0 in this case.
(2) The value of the partial factor, Rd, used in the verifications for deformations at yield may be taken constant and equal to 1,10 for all types of links in frames with eccentric bracings.
[bookmark: _Toc96792586][bookmark: _Toc132813431][bookmark: _Toc119720421]Steel column and beam splices
General
(1) Steel column and beam splices should be treated as brittle (non-dissipative) structural members.
Limit state of Near Collapse (NC)
(1) The action effects, Ed, according to Formula (9.24) on steel column and beam splices according to 9.4.6.2 should be verified for their ultimate tensile resistance.
(2) The action effects, Ed, according to Formula (9.24) on steel column and beam splices according to 9.4.6.3 should be verified for their ultimate resistance by considering the nominal tensile strength according to 9.4.6.3(1).
(3) The action effects, Ed, according to Formula (9.24) on steel column and beam splices according to 9.4.6.4 should be verified for their nominal yield and ultimate resistances according to 9.4.6.4(1).
(4) For splices in secondary members the value of Rd may be taken equal to 1,00.
Limit states at Significant Damage (SD) and Damage Limitation (DL)
(1) The verification against the exceedance of these two limit states may be neglected, unless one of these two limit states is the only one to be verified. In this case, 9.5.5.2 should be applied.
[bookmark: _Toc96792587][bookmark: _Toc132813432][bookmark: _Toc119720422]Beam-to-column web panel joint
Limit state of Near Collapse (NC)
(1) The value of the partial factor, Rd, used in the verifications for resistance at NC may be taken constant and equal to 1,10 for the shear resistance at full plastic shear resistance according to prEN 1998-1-1:2022, 7.3.4, of beam-to-column web panel joints.
(2) The value of the partial factor, Rd, used in the verifications for shear distortion at ultimate at NC may be taken constant and equal to 1,10 for the shear resistance at yield and for the full plastic shear resistance of beam-to-column web panels.
Limit states at Significant Damage (SD) and Damage Limitation (DL)
(1) [bookmark: _Hlk96679889]Verification against the exceedance of these two limit states may be neglected, in this case 9.5.6.1 should be applied.
(2) In other cases, depending on the required verifications, 9.5.1(4) should be applied for SD verifications and 9.5.1(6) for DL verifications.
[bookmark: _Toc96792588][bookmark: _Toc132813433][bookmark: _Toc119720423]Bracing-end connections
Limit state of Near Collapse (NC)
(1) The value of the partial factor, Rd, used in the verifications for resistances,  and  at NC may be taken constant and equal to 1,10 for bracing-end connections allowing rotations according to 9.4.8.2.
(2) The value of the partial factor, Rd, used in the verifications for the rotation at ultimate at NC may be taken constant and equal to 1,10 for bracing-end connections allowing rotations according to 9.4.8.2.
(3) Bracing-end connections not allowing rotations should be treated as non-dissipative. Action effects on those connections should be verified for their axial resistance according to 9.4.8.3 by considering the partial factor, Rd, equal to 1,10.
Limit states at Significant Damage (SD) and Damage Limitation (DL)
(1) Verification against the exceedance of these two limit states may be neglected, in this case 9.5.6.1 should be applied.
(2) In other cases, depending on the required verifications, 9.5.1(4) should be applied for SD verifications and 9.5.1(6) for DL verifications.
[bookmark: _Toc50844380][bookmark: _Toc96792589][bookmark: _Toc132813434][bookmark: _Toc119720424]Resistance models for retrofitting
[bookmark: _Toc96792590][bookmark: _Toc132813435][bookmark: _Toc119720425]General
(1) The rules for member, connection or joint resistances and deformation capacities given in 9.6 for strengthened members, connections or joints should refer to the resistances and deformations at ultimate in 9.3 and 9.4. Prior to the application of the partial factor Rd. The Rd factors specified in 9.5 should be applied on the resistance and deformation capacity of the retrofitted member, connection or joint as determined in accordance with 9.6.
(2) Reinforced concrete members in composite steel-concrete structural systems may be retrofitted according to 8.6.
[bookmark: _Toc96792591][bookmark: _Toc132813436][bookmark: _Toc119720426]Weld retrofits
(1) Weld retrofit may be applied to structural steel or composite-steel beams in rigid full-strength or semi-rigid partial strength beam-to-column joints, column or beam splices and bracing connections for all or some of the purposes listed in a) to e):
a) increasing the flexural resistance of joint;
b) increasing the tensile resistance;
c) increasing the deformation capacity;
d) improving the tensile strength of deficient splices;
e) increasing the flexural and/or axial rigidity.
(2) In steel or composite-steel beams in rigid full-strength beam-to-column joints with non-compliant seismic weld detailing, these should be removed and replaced with complete penetration butt welds conforming to prEN 1998-1-2:2023, E.3.3.3. In this case, the flexural resistance and deformation capacities at ultimate may be calculated according to 9.4.2.2.1 or 9.4.2.3.1, whichever is applicable.
(3) In bolted flange plate and bolted end plate unstiffened joints critical to weld fracture, welds should be removed and replaced with complete penetration butt welds conforming to prEN 1998-1-2:2023, E.3.3.3. If the beam-to-column joint is classified as semi-rigid partial strength, then the flexural resistances at yield and ultimate as well as the plastic rotation, , should be calculated according to 9.4.2.4.4(1) a) or b), whichever is applicable.
(4) In splices with partial penetration butt welds of primary structural steel columns or beams, these should be removed and replaced with complete penetration butt welds according to EN 1090-2, EN ISO 5817. In this case, 9.4.6.2 should be applied for resistance calculations.
[bookmark: _Toc96792592][bookmark: _Toc132813437][bookmark: _Toc119720427]Retrofitting with stiffener or doubler plates
(1) Stiffener plates may be applied to structural steel or composite-steel beams in rigid full-strength or semi-rigid partial strength beam-to-column joints, beam-to-column web panel joints, links in frames with eccentric bracings and bracing connections for all or some of the purposes listed in a) to d):
a) increasing the flexural resistance of a joint;
b) increasing the deformation capacity;
c) improving the shear resistance of panel zone joints;
d) increasing the flexural and/or axial rigidity.
(2) Unstiffened bolted end plate joints and column base joints may be stiffened with rib stiffeners that conform to prEN 1998-1-2:2023, E.3.3.6, , should be calculated according to 9.4.2.2.1 or 9.4.2.3.1, whichever is applicable.
(3) Links in frames with eccentric bracings may be stiffened with transverse web stiffeners that conform to prEN 1998-1-2:2023, 11.11.2(15). Resistance and deformation models in the retrofitted links may be calculated according to 9.4.4.
(4) Steel columns in semi-rigid partial-strength beam-to-column joints, may be strengthened with horizontal stiffeners to prevent localised inelastic deformations within the column flanges. In this case, resistance and deformation in retrofitted semi-rigid partial-strength beam-to-column joints should be calculated according to 9.4.2.4.
(5) Beam-to-column web panel joints that do not conform to 9.4.7(2) or 9.4.7(3) may be strengthened by welding steel doubler plates. These and their welds should conform to prEN 1998-1-2:2023, E.3.3.3, and prEN 1993-1-8:2021, 6.2.6(10) to (14). Resistance and deformation should be calculated according to 9.4.7.
(6) Bracing-end connections allowing rotations that do not conform to 9.4.8.2 may be stiffened with stiffeners placed in the line of seismic action coming through the bracing member. In this case, the strengthened connection should be considered as non-dissipative. Resistances should be calculated according to 9.4.8.3.
[bookmark: _Toc96792593][bookmark: _Toc132813438][bookmark: _Toc119720428]Beam-to-column joint retrofitting with haunched stiffeners
(1) Existing steel beams or composite-steel beams in rigid full-strength beam-to-column joints with weld detailing according to 9.4.2(4) between the beam flanges to the column flanges may be retrofitted with weld or bolted bottom haunched stiffeners for all or some of the purposes listed in a) to c):
a) increasing the flexural resistance of a joint;
b) increasing the deformation capacity;
c) increasing the flexural and/or axial rigidity.
(2) In steel or composite-steel beams in rigid full-strength beam-to-column joints with weld detailing according to 9.4.2(4), the existing top flange weld should be removed and replaced with a complete penetration butt weld conforming to prEN 1998-1-2:2023, E.3.3.3. The new bottom haunch may be either welded or bolted and should be connected to both the beam flange and the column flange. The joints with haunched stiffeners should conform to prEN 1998-1-2:2023, E.3.3.4.
(3) The effective flexural resistance at yield, , in steel or composite-steel beams of retrofitted rigid full-strength beam-to-column joints with bottom haunches should be calculated according to 9.4.2.3.1 or 9.4.2.3.2, whichever is applicable.
(4) The chord rotation at yield should be calculated according to 9.3.
(5) The plastic rotation at ultimate, , should be taken equal to 0,025 rad.
(6) The chord rotation at collapse, , should be taken equal to 0,036 rad.
(7) The effective flexural resistance at ultimate of the retrofitted beam should be calculated according to 9.4.2.2.2(6), Formula (9.6), by using (2) and (4).
[bookmark: _Toc96792594][bookmark: _Toc132813439][bookmark: _Toc119720429]Retrofitting with encased composite columns
(1) Existing steel columns may be retrofitted by partially or fully encasing them with concrete for all or some of the purposes listed in a) to c):
a) increasing the flexural resistance;
b) increasing the deformation capacity;
c) increasing the flexural and/or axial rigidity.
(2) Existing steel columns retrofitted by partial or full encasement in concrete should satisfy prEN 1998-1-2:2023, 12.8.7.
(3) Resistance and deformation should be calculated according to 9.4.2.7.
[bookmark: _Toc96792595][bookmark: _Toc132813440][bookmark: _Toc119720430]Retrofitting riveted or bolted connections and joints
(1) Existing riveted or bolted connections or joints may be retrofitted for all or some of the purposes listed in a) to c):
a) increasing the flexural resistance;
b) increasing the deformation capacity;
c) increasing the flexural and/or axial rigidity.
(2) Hybrid connections or joints including rivets and welds should not be used.
(3) Loosened structural steel bolts may be reused and should be tightened.
(4) Loosened preloaded high-strength structural steel bolts should be replaced by new and preloaded structural steel bolts of equivalent grade. These should be preloaded and should satisfy prEN 1993-1-3:2022, 5.1.2. 
(5) Deficient rivets in connections or joints should be replaced by new rivets or preloaded high-strength bolts. The strengthened connection or joint should satisfy prEN 1993-1-8:2021, 5.


[bookmark: _Toc132813441][bookmark: _Toc119720431]Specific rules for timber buildings
[bookmark: _Toc132813442][bookmark: _Toc119720432]Scope
1. This clause contains specific criteria for the assessment of timber structures in their present state and for their retrofitting, when necessary.
[bookmark: _Toc492975014][bookmark: _Toc499231689][bookmark: _Toc20932381][bookmark: _Toc96792598][bookmark: _Toc132813443][bookmark: _Toc119720433]Identification of geometry, details and materials
[bookmark: _Toc132813444][bookmark: _Toc119720434]General
(1) [bookmark: _Toc56572992][bookmark: _Toc85833635]Under the conditions given in 4.1, detailed seismic assessment of a timber structure should be performed when either of a) to d) occurs.
a) there is a possible change in loads (due to e.g. a change in use of the structure);
b) there has been significant decay or/and insect attack to the timbers, or the structure has suffered damage, e.g. due to fire;
c) there has been mechanical damage, failures or excessive deflection indicating overloading of the timbers in the past, poor quality of the used materials, inferior initial design or/and workmanship;
d) there have been alterations or interventions to the structure during its lifetime, that have resulted in a reduction of its strength or changes to the original structural system.
(2) The aspects in a) to e) should be carefully examined:
a) the wood species;
b) the moisture content of wood and eventual moisture gradients;
c) the environmental conditions. Service Classes defined in prEN 1995-1-1 (relevant for mechanical properties) and Use Classes defined in EN 335 (related to biological hazard) to which the timber member is exposed should be identified;
NOTE	Different parts or members of a timber structure can belong to different hazard classes, as defined in EN 335.
d) strength grade or strength values. To that purpose, (3) should be applied;
e) current physical conditions of the primary and secondary structural members and the joints, with identification of biological attack, degradation, failures, movements, deformations.
(3) Timber members should be visually graded according to visual strength grading Standard, complying with EN 14081-1:2016, Annex A. The visual grading through evaluation of the strength reducing characteristics should be limited to the areas that are expected to be the most critical in satisfying structural verifications. The obtained values should be then extended to the whole member. When possible, visual grading rules developed for in situ evaluations should be applied in the assessment of existing structures. Ultrasound methods may also be used to this purpose.
NOTE 1	Strength grades, listed in EN 338, provide characteristic values for new designed structures.
NOTE 2	As stated in EN 14081-1, because of the diversity of existing visual grading rules in use in different countries, it is currently impossible to lay down a single set of acceptable rules in all regional situations, thus only the basic principles are here drawn. Details on measurement methods, grading rules and strength classes can be found in the National Annex, considering the provenance of the material more than the location of the structure.
[bookmark: _Toc492975016][bookmark: _Toc499231691][bookmark: _Toc20932383][bookmark: _Toc96792600][bookmark: _Toc132813445][bookmark: _Toc119720435]Geometry
(1) The collected data should include items a) to d).
a) identification of the lateral force resisting system(s);
b) identification of horizontal diaphragms and of their connection to the lateral force resisting system;
c) original cross-sectional shape and dimensions of the structural components;
d) existing cross-sectional shape and dimensions and effective (residual) cross section, at critical areas.
(2) Non-destructive techniques may be used to help establishing the extension of the decay caused by fungal attack.
(3) Where insect attack is confined to a well-defined area of the cross section, the effective (residual) cross section should be measured and used to calculate the stiffness and the resistance of the member.
[bookmark: _Toc492975017][bookmark: _Toc499231692][bookmark: _Toc20932384][bookmark: _Toc96792601][bookmark: _Toc132813446][bookmark: _Toc119720436]Details
(1) All geometrical data of the critical joints and the fasteners if present, necessary for assessing the resistance of the construction details, should be measured. The collected data should include items a) to d).
a) connection: carpentry connection (step connection, lap joint, dovetail connection, mortise and tenon), dowel type joint (metal plates – external / internal, timber-to-timber connection, etc.);
b) fastener type(s) and dimensions used (wooden dowel, steel dowels, nails, etc.);
c) material properties of the fasteners used (including the wood species for e.g. wooden dowels);
d) spacing or end and edge distances of mechanical fasteners.
[bookmark: _Toc492975018][bookmark: _Toc499231693][bookmark: _Toc20932385][bookmark: _Toc96792602][bookmark: _Toc132813447][bookmark: _Toc119720437]Materials
[bookmark: _Toc492975020][bookmark: _Toc499231695][bookmark: _Toc20932386]Condition assessment and knowledge level
(1) The condition assessment should be based on in situ inspections as described in (2) to (7).
(2) Structural quality assessment should include a detailed in situ inspection aiming at obtaining the required information, regarding both geometrical and mechanical features of members, in order to obtain the best knowledge level possible.
(3) For structures making part of cultural heritage, inspections should be, extended to each part of the timber structure accessible to inspection, especially to its most stressed parts. If the presence of non-visible alterations is suspected, non-invasive tests should be performed.
(4) Tests typology should be determined considering the required knowledge level, as specified in Table 10.1. NDT and SDT should be performed at least in correspondence with the critical sections.
NOTE	Critical section is defined as the most representative cross-section of a critical zone. A critical zone is a part of a timber member (longer than 150 mm, or at least equal to the depth of the member) which is considered to be relevant to the performance of the member because of defects, position, state of preservation and stress conditions. 
(5) Where any alteration of the inspected member is found (chemical, biological or mechanical modifications of timber components, alterations in the connection systems), its presence should be considered in assessing both the geometrical and mechanical features of inspected members. The interaction between material degradation and environmental conditions should be carefully evaluated. Particular attention should be paid to air humidity and temperature in the proximity of the timber members.
(6) Testing methods may be selected from Table 10.1.
NOTE	Table 10.1 gives an overview of selected methods for assessing the condition of timber structural members through non-destructive testing (NDT) and semi-destructive testing (SDT), based on the two recommendations edited by the RILEM Technical Committee AST 215 ‘‘In situ assessment of structural timber’’. NDT techniques are useful for rapid screening of potential problem areas and are generally based on correlations between non-destructive and destructive parameters. A drawback of NDTs is the relatively poor correlation between the measured non-destructive quantity and member strength. SDT bridges the gap between indirect non-destructive and direct fully destructive methods of strength measurement. A possible drawback of SDTs is that they require the extraction of small specimens for subsequent testing to determine elastic and strength parameters, nevertheless preserving the integrity of the member. Table 10.1 provides a matrix for identifying which methods are best suited for individual projects or specific needs, based on the primary factor under investigation. Some methods provide limited data for a given factor, and no single method is suitable for every project. It is of fundamental importance using a combination of multiple methods in order to generate information relevant to the factors of concern and address specific tasks. In the table, some of the test methods are mandatory for assessment of timber members, other methods can be used to complete the assessment (indicated as “not mandatory”).
(7) [bookmark: _Ref488229336]Structural member condition assessment should be considered for the knowledge level determination based on in situ inspections, as given in Table 10.1.
Table 10.1 — NDT and SDT methods to assess Knowledge Level and Condition assessment of structural timber
	Method
	Determine species
	Measure MC
	Locate deterioration
	Quantify deterioration
	Assess strength
	Determine stiffness
	Identify hidden details
	Knowledge level
	Condition assessment

	Visual inspection
	NDT
	
	
	Limited
	
	
	
	
	KLM1
KLM2
KLM3
	Yes

	Remote visual inspection
	NDT
	
	
	Limited
	Limited
	
	
	Yes
	KLM3
	Yes (**)

	Species identification
	NDT
	Yes
	
	
	
	
	
	
	KLM1
KLM2
KLM3
	Yes

	Moisture measurements
	NS
	
	Yes
	
	
	
	
	
	KLM1
KLM2
KLM3
	Yes

	Digital radioscopy
	NDT
	
	
	Yes
	Limited
	
	
	Yes
	KLM3 (*)
	

	Ground penetrating radar
	NDT
	
	Limited
	Limited
	
	
	
	Limited
	KLM3 (*)
	

	Infrared thermography
	NDT
	
	Limited
	Limited
	
	
	
	Limited
	KLM3 (*)
	

	Stress waves
	NDT
	
	
	Limited
	Limited
	Limited
	Estimate
	
	KLM2 (*)
KLM3 (*)
	Yes (**)

	Ultrasound methods
	NDT
	
	
	Limited
	Limited
	Limited
	Estimate
	Limited
	KLM2 (*)
KLM3 (*)
	Yes (**)

	Resistance drilling
	NDT
	
	
	Yes
	Yes
	Limited
	
	Limited
	KLM2 (*)
KLM3
	Yes (**)

	Core drilling
	SDT
	
	
	Yes
	
	Estimate
	Estimate
	
	KLM2 (*)
KLM3 (*)
	

	Tension micro-specimens
	SDT
	
	
	
	
	Estimate
	Estimate
	
	KLM2 (*)
KLM3 (*)
	

	Glueline test
	SDT
	
	Limited
	Limited
	
	Limited
	
	
	KLM2 (*)
KLM3
	Yes (**)

	Screw withdrawal
	SDT
	
	
	Limited
	
	Limited
	
	
	KLM2 (*)
KLM3 (*)
	

	Needle penetration
	NDT
	
	
	Limited
	
	Limited
	
	
	KLM2 (*)
KLM3 (*)
	Yes (**)

	Pin pushing
	SDT
	
	
	Yes
	Limited
	Estimate
	
	
	KLM2 (*)
KLM3 (*)
	Yes (**)

	Surface hardness
	SDT
	
	
	Limited
	
	Limited
	
	
	KLM2 (*)
KLM3 (*)
	

	(*) Not mandatory
(**) If relevant

	NDT: Non-Destructive Technique
SDT: Semi-Destructive Technique
NS: NDT or SDT, depending on the testing methodology used


NOTE	All NDT and SDT methods reported in Table 10.1 can contribute to the condition assessment.
[bookmark: _Ref515109017][bookmark: _Toc20932387]Condition assessment factors
(1) The condition assessment factor 𝜑 values depend on component condition assessment according to Table 10.3.
(2) Based on a preliminary structural check, mechanical properties should be assessed to classify the component condition into either levels D1 to D3:
· D1 – Good conditions;
· D2 – Fair conditions;
· D3 – Poor conditions.
Condition assessment should be carried out by considering the descriptions given in Table 10.3.
NOTE	This check is required in order to ensure that minimum requirements are matched for each component.
(3) Condition assessment factor φ should be selected by considering the Knowledge Level attained in the inspections according to Table 10.2.
NOTE	Factor 𝜑 is taken into account when calculating design resistances Xd, as given in Formula (10.7).
[bookmark: _Ref492650704]Table 10.2 — Knowledge level and  factor 
	Knowledge level
	Condition assessment factor – φ

	KLM1 – Minimum knowledge
	Refer to D3 class φ-value

	KLM2 – Average knowledge
	Refer to the φ-value corresponding to the degradation class immediately worse than the one obtained on the basis of the inspections 

	KLM3 – High knowledge
	Refer to the φ-value corresponding to the degradation class obtained on the basis of the inspections


[bookmark: _Ref492650751]Table 10.3 — Condition assessment criteria (𝜑 factors)
	Condition rating
	Condition description
	𝜑

	D1 – Good
	Timber free of borer; no signs of past water damage*; little or no fastener rust; tight connections, coherent and unable to wobble
	1,00

	D2 – Fair
	Little or no borer; little or no signs of past water damage*; some rust on the fasteners, but integrity still fair; connections have some but little movement/slack; small degree of timber wear surrounding fasteners
	0,75

	D3 – Poor
	Considerable borer; water damage evident*; fasteners rust extensive; significant timber degradation surrounding the fasteners; connections appear loose and able to wobble
	0,30

	(*) Degradation process is assumed to be no longer active; the biotic cause of degradation is assumed to be no longer present


[bookmark: _Toc20932388][bookmark: _Toc96792603][bookmark: _Toc132813448][bookmark: _Toc119720438]Classification of timber structural members
[bookmark: _Toc492975024][bookmark: _Toc499231699][bookmark: _Toc20932389][bookmark: _Toc96792604][bookmark: _Toc132813449][bookmark: _Toc119720439]Timber diaphragms
NOTE	Timber diaphragms are generally composed of two main components, the framing and the sheathing. The framing consists, in general, of timber joists (referred to as rafters for roof diaphragms), which commonly span across the shortest dimension of the diaphragm. In some cases, so-called blocking members are positioned between joists and perpendicularly to them. Diaphragm sheathing is usually laid over the framing members and can be constructed in several different ways, described in 10.3.1.2.
[bookmark: _Toc20932390]Joists
(1) Joist cross-sections may be classified as slender (SL) or squat (SQ), depending on the section height (h) over width (w) ratio h/w:
· SQ Joists: h/w ratio lower than 2;
· SL joists: h/w ratios greater than 3.
[bookmark: _Toc20932391]Sheathing typology
(1) Sheathings should be classified in one of the types given in a) to c):
a) single straight sheathing: This consists of 20 to 40 mm thick boards, usually 100 to 200 mm wide and nailed to the main framing members (joists or rafters). A couple of 2 to 3 mm diameter nails are commonly used at each floorboard to support connection. The floorboard edges can either be straight or tongue and groove.
b) diagonal sheathing: This consists of 20 to 40 mm thick and 100 to 200 mm wide timber boards nailed in a single layer at a 45° angle to the cross members (joists or rafters). Sheathing members are usually nailed to the joists by means of a couple of 2 to 3 mm diameter nails at each support. The floorboard edges can either be straight or tongue and groove.
c) panel sheathing: This consists of wood structural panels (e.g. plywood, OSB), placed over framing members and nailed in place. Different grades and thicknesses can be used for the panels (depending on the required load carrying capacity). The panels are at least supported on framing members (joists or rafters). Usually 2 to 3 mm diameter nails are used for panel-to-frame connections, while nail spacing and patterns can vary considerably from case to case. In addition to the aforementioned techniques, other diaphragm typologies can be found in heritage buildings (see Figure 10.1).


[bookmark: _Ref492742646]Figure 10.1 — Diaphragm typologies: (a) single straight sheathed diaphragm with squared timber joists; (b) floor with clay tiles over joists; (c)/(d) floor built with the so-called “malta-paglia” (mortar-straw) technique, beneath and above views
[bookmark: _Toc492975037][bookmark: _Toc499231720][bookmark: _Toc20932392]Diaphragm classification
NOTE	Timber diaphragms in U.R.M. buildings fulfil two principal functions. They provide support to the walls oriented perpendicular to the direction of loading and, if stiff enough, they also have the potential to allow shear to be transferred between walls in any level, to resist the storey shear and the torsion due to any plan eccentricities.
The relative stiffness of the diaphragms compared to that of walls providing lateral support is often quite low due to the high stiffness of the walls, particularly for timber diaphragms.
Flexibility in a diaphragm, if too high, can reduce its ability to provide adequate support to walls and thus affect the response of these walls, or render its ability to transfer storey shear to minimal levels, although this is not generally an issue if recognized and appropriately allowed for in the global analysis of the building. Considering the effects of diaphragm flexibility is, therefore, essential for proper understanding of both in and out-of-plane response of the walls.
(1) Diaphragms should be classified as flexible if their maximum in-plane deflection Δmax,i is at least twice the average inter-storey drift of the below resisting walls dri (see Figure 10.2). They should be otherwise classified as rigid if their maximum in-plane deflection is lower than the average inter-storey drift of the below resisting walls. In intermediate situations, diaphragms may be classified as partially rigid.


[bookmark: _Ref475039776]Figure 10.2 — Diaphragm classification criteria
[bookmark: _Toc492975030][bookmark: _Toc499231709][bookmark: _Toc20932393][bookmark: _Toc96792605][bookmark: _Toc132813450][bookmark: _Toc119720440][bookmark: _Toc492975031]Timber frames
[bookmark: _Toc20932394]Frame classification
(1) When appropriate, timber frames should be classified in one of the types given in Figure 10.3.
NOTE	Only timber frames shown in Figure 10.3. are covered by this Standard. 


Key
	A
	mortise and tenon

	B
	dovetail

	C
	brace

	d
	shear plane (when loaded in tension)

	e
	compressed area


Figure 10.3 — Timber frames addressed: (1) frames with relatively thin lamellas (glued); (2) finger joint (glued) connections; (3) dowelled connections; (4) arches; (5) traditional frames
[bookmark: _Toc20932395]Carpentry connections
(1) Carpentry connections should be classified as given in a) to d).
a) Mortise and tenon joints: the tenon is crafted in the end of one member, to be inserted in the slot or mortise sawn in one face of the other member (Figure 10.4 a, a’). The connection is usually pinned or pegged to prevent separation.
b) Notched joints: also known as step-joint, birdsmouth or cogging joints, these joints consist of a V-shaped notch drafted in the side of one member (e.g. tie-beam of roof trusses) where the end of the other member (e.g. rafter) fits (Figure 10.4 b). The contact surfaces can be complemented with a mortise and a tenon, to improve the imbrication of the members (Figure 10.4 b’).
c) Lap joints: the members are overlapped, with no notching or notching either one or both the overlapped members (Figure 10.4 c). The notches can be cogged to improve the connection between the members (Figure 10.4 c’), and a pin across the whole depth can be used to avoid separation.
d) Scarf and splice joints: these connections are used to join members end-to-end, as when bars with longer length than available are needed (Figures 10.4 d, d’).


Figure 10.4 — Examples of carpentry connections: (a) Through pinned mortise and tenon (a’) Blind pinned mortise and tenon (b) Notched joint between main rafters and tie-beam (b’) A skewed tenon may be used to help in keeping all timber pieces co-planar (c) Half-lap joint (c’) Cogged half-lap joint (d) Halved scarf-joint (d’) Scarf-joint with under-squinted ends
[bookmark: _Toc492975022][bookmark: _Toc499231697][bookmark: _Toc20932396][bookmark: _Toc96792606][bookmark: _Toc132813451][bookmark: _Toc119720441]Structural modelling
[bookmark: _Toc492975023][bookmark: _Toc499231698][bookmark: _Toc20932397][bookmark: _Toc96792607][bookmark: _Toc132813452][bookmark: _Toc119720442]General
(1) The structure should be modelled according to prEN 1995-1-1.
[bookmark: _Toc20932398][bookmark: _Toc96792608][bookmark: _Toc132813453][bookmark: _Toc119720443]Diaphragms
(1) The effects of specific features in a) to c) should be taken into account:
a) openings in wood diaphragms;
b) presence, or lack, of chords and collectors;
c) connections between diaphragms and other components, including shear walls, drag struts, collectors, cross ties, and out-of-plane anchors.
NOTE	The behaviour of horizontal wood diaphragms is influenced by the type of sheathing, size and number of fasteners, existence of perimeter chord or flange members, and the ratio of span length to width of the diaphragm.
(2) A diaphragm effective equivalent shear stiffness Gd0,eff may be used as given by Formula (10.1).
	(10.1)
where
	A
	is the diaphragm gross area;

	An
	is diaphragm net area, obtained by subtracting the area of any opening from the gross area defined above, except as given in (3);

	Gd0
	is the diaphragm equivalent stiffness, which should be taken equal to:

	
	= 150 kN/m, for single straight sheathing,

	
	= 400 kN/m, for single straight sheathing with SQ joists and when the diaphragm is loaded in the direction perpendicular to the joists

	αm
	is a modification factor accounting for the stiffness contribution of out-of-plane loaded walls, which should be taken as given in (4) and (5);

	𝜑
	is the condition assessment factor defined in 10.2.4.2.


(3) When diaphragm penetrations are explicitly modelled, An should be taken equal to A.
(4) αm should be taken equal to 1,0 when the stiffness of the out of plane loaded walls is already accounted for in the model.
(5) When (4) does not apply, modification factor αm may be evaluated by considering the actual boundary conditions of the walls. Alternatively, in the case of masonry walls, its value may be evaluated in a simplified manner as given by Formula (10.2). If the stiffening effect of out-of-plane loaded walls is considered negligible, αm = 1. In the cases where An/A ratio is lower than 0,9, specific analyses should be carried out (e.g. non-linear static and non-linear dynamic analyses aimed at predicting the in-plane response of the diaphragm assembly).
	(10.2)
[bookmark: _Toc64408808][bookmark: _Toc85833638]where
	ti
	is out-of-plane loaded masonry wall thickness, for the level beneath the diaphragm;

	ts
	is out-of-plane loaded masonry wall thickness, for the level above the diaphragm;

	hi
	is the lower inter-story height, e.g. the distance between the considered floor and the one beneath;

	hs
	is upper inter-story height, e.g. the distance between the considered floor and the one above;

	La
	is the distance between diaphragm lateral supports;

	Em
	is the elastic modulus of uncracked masonry;


A and An as in (2).
(6) In models representing the entire structures, timber diaphragms may be represented by means of two-dimensional linear elastic elements (membrane).
NOTE	Each of the Gd0 values given in (2) represent the equivalent shear stiffness of a structural member and are not the shear modulus of a material.
(7) In non-linear static (pushover) analyses, diaphragms should be modelled accordingly.
(8) When a non-linear response-history analysis is used, diaphragm effective viscous damping ratio should be taken equal to 10%.
[bookmark: _Toc20932399][bookmark: _Toc96792609][bookmark: _Toc132813454][bookmark: _Toc119720444]Frames
(1) In-plane behaviour of timber frames in modal response spectrum analyses and in non-linear static analyses should be modelled accordingly.
(2) [bookmark: _Toc499231716]When a non-linear response-history analysis is used, a) to c) should be applied:
a) Timber members should be regarded to behave brittle and should therefore be modelled elastically;
b) Since all ductility is provided by mechanical connections, the behaviour of these connections should be modelled based on tests carried out according to EN 12512, unless it can be shown that they comply with prEN 1995-1-1 requirements;
c) Since all materials dissipate energy during vibration in the elastic range, the corresponding damping (called intrinsic damping) may be included for these members. An intrinsic damping 0 = 2% may be taken into account.
[bookmark: _Ref515107567][bookmark: _Toc20932400][bookmark: _Toc96792610][bookmark: _Toc132813455][bookmark: _Toc119720445]Structural analysis
[bookmark: _Toc20932401][bookmark: _Toc96792611][bookmark: _Toc132813456][bookmark: _Toc119720446]General
(1) Methods of analysis defined in 6.4 may be applied.
(2) Specific lateral forces method of analysis of diaphragms as described in 10.5.2 may also be used.
[bookmark: _Ref516132887][bookmark: _Toc20932402][bookmark: _Toc96792612][bookmark: _Toc132813457][bookmark: _Toc119720447]Local analysis of diaphragms with a force-based approach
(1) An analysis limited to a diaphragm may be made using a force-based approach.
(2) The seismic force on the diaphragm should be determined according to prEN 1998-1-2:2023, 7.2.1, Formula (7.1), where map should be the diaphragm tributary mass.
(3) A behaviour factor qap = 1,5 should be taken into account.
(4) Action effects may be calculated using the lateral forces method, as given in (5) to (7).
(5) Calculation of seismic action effects on a diaphragm should be based on the distribution of horizontal inertia forces. For flexible diaphragms, such a distribution may be given by Formula (10.3), as illustrated in Figure 10.5.
	(10.3)
where
	fa
	is the inertial force in the direction of the seismic component considered per meter of diaphragm span;

	Fa
	is the total inertial force on the diaphragm (corresponding to Fap in prEN 1998-1-2:2023, 7.2.1, Formula (7.1));

	La
	is the distance between diaphragm lateral supports;

	x
	is the distance from the centre line of the diaphragm.




[bookmark: _Ref488221908][bookmark: _Ref475091809]Figure 10.5 — Inertial load distribution: (a) applied load; (b) diaphragm shear
(6) Diaphragm in-plane natural period Tap, to be used in prEN 1998-1-2:2023, 7.2.1, Formula (7.2), may be evaluated by means of the Rayleigh quotient. As a simplification, the component may be treated as a simply supported beam subject to sole shear deflections, and the period calculated as given by Formula (10.4).
	(10.4)
where
	Tap
	is the diaphragm in-plane natural period [s];

	La
	as in (5);

	B
	is the diaphragm width, in the direction parallel to the seismic component under consideration [m];

	map
	is the diaphragm tributary mass [kg];

	Gd0,eff
	[kN/m] as in 10.4.2(2);


(7) The seismic action effect expressed in terms of displacement at the diaphragm mid-span, d [m] should be determined using Formula (10.5).
	(10.5)
where
	Sd(Tap)
	is the design spectrum acceleration at period Tap;

	La
	as in (5);

	μd
	is the ductility factor, depending on the behaviour factor qap, according to Formula (10.6).


	(10.6)
(8) A modal analysis of the diaphragm may be used to determine Tap. In this case, equivalent shear stiffness values should be evaluated using Formula (10.1) in which αm should be taken equal to 1,0 when the stiffness of the out of plane loaded walls is accounted for in the model.
[bookmark: _Toc20932403][bookmark: _Toc96792613][bookmark: _Toc132813458][bookmark: _Toc119720448]Resistance models for assessment
[bookmark: _Toc20932404][bookmark: _Toc96792614][bookmark: _Toc132813459][bookmark: _Toc119720449]General
(1) Design values of the resistance Rd should be expressed according to 4.2.2(6), where Xd should be calculated as given by Formula (10.7).
	(10.7)
where
	Xk
	is the characteristic value of the material resistance, as given in 10.6.2 to 10.6.4, as relevant;

	η
	should be equal to kmod given in prEN 1995-1-1:2023, 5.1.3;

	
	depends on the knowledge level and should be taken as given in Table 10.3;

	R
	the partial factor (R or M) for a material property/resistance according to prEN 1995-1-1:2023, 4.5.2, Tables 4.3, 4.4 and 4.5. For timber diaphragms a partial factor R = 1 may be adopted.


[bookmark: _Toc492975036][bookmark: _Toc499231719][bookmark: _Toc20932405][bookmark: _Toc96792615][bookmark: _Toc132813460][bookmark: _Toc119720450]Timber diaphragms
(1) Seismic action effects resulting from analysis should comply with displacement acceptance criteria independently from the analysis method.
(2) Force acceptance criteria should be considered in the case of force-based analysis. Force acceptance criteria should also be considered for non-linear static analysis and non-linear time history analysis when non-linear diaphragm response is not explicitly modelled. The expected unit shear strength to be considered in force acceptance criteria of wood diaphragms should be taken as the capacity of the diaphragm assembly.
(3) [bookmark: _Ref488242883]The characteristic value of diaphragm unit shear strength vR [kN/m] may be taken from Table 10.4.
NOTE	Values in Table 10.4 can be considered as mean reference values.
[bookmark: _Hlk97571675][bookmark: _Hlk106284717]Table 10.4 — Acceptance criteria in terms of unit shear strength vR [kN/m]
	[bookmark: _Hlk106284159]
	No retrofit
	Type of retrofit (Figure 10.6)

	
	
	(a)
	(b)
	(e)
	(f)

	Parallel to joists
	3
	30
	25
	40
	30

	Perpendicular to joists
	5*
	45
	25
	45
	40

	* In case of SQ joists, diaphragm shear strength in the direction perpendicular to the joists, can be significantly higher than the vR,k value reported in the table.


[bookmark: _Toc20932406][bookmark: _Toc96792616][bookmark: _Toc132813461][bookmark: _Toc119720451]Carpentry connections
[bookmark: _Toc20932407]General
(1) Carpentry connections should be verified for transfer compression forces by direct contact and friction.
NOTE 1	Ductile failure mode (compressive crushing) causes high deformation of the connection.
NOTE 2	The assessment of carpentry connections can involve a check of the contact areas under pressure between the assembled members.
(2) Carpentry connections should be verified for shear crack, tension failure, crushing.
NOTE	Brittle failure modes parallel and perpendicular to grain entail the collapse of the connection.
(3) The verification of rolling shear failure perpendicular to the grain and tension failure parallel to the grain may be disregarded if the eccentricity between the intersection of the centre lines of connecting members and the support, e, should not be larger than the depth h of the notched member.
(4) In the presence of biotic attack, the assessment and retrofitting of the connection should not rely on the timber.
[bookmark: _Toc20932408]Compression of timber
(1) Compressive strength of timber at any intermediate value of the load angle to the grain should be calculated by means of Formula (10.8), according to prEN 1995-1-1:2023, 8.1.7.
	(10.8)
where
	fc,,d
	[bookmark: _Hlk509490913]is the design compressive strength at an angle  to the grain;

	fc,,d
	[bookmark: _Hlk509490946]is the design compressive strength parallel to the grain;

	fc,,d
	is the design compressive strength perpendicular to the grain;

	
	[bookmark: _Hlk509490099]is the angle between the direction of acting stresses and the grain direction.


NOTE	The values of compressive strength of timber are different in the direction parallel and perpendicular to the grain. 
[bookmark: _Toc20932409]Single step connections 
[bookmark: _Toc20932410]Shear crack
(1) For the single step connections, condition given by Formula (10.9), according to prEN 1995-1-1:2023, 11.9.1.4, should be satisfied in order to prevent the shear crack at the notch depth along the grain in the tie beam or the king-post.
	(10.9)
where
	Fcar,Ed
	[bookmark: _Hlk509489688]is the design compressive force of the rafter;

	
	[bookmark: _Hlk509490061]is the rafter skew angle;

	b
	is the width of the shear area;

	lv,ef
	is the effective shear length parallel to the grain given in prEN 1995-11:2023, Formula (11.111);

	kred
	[bookmark: _Hlk509489797]is a reduction coefficient taking into account the non-uniform shear stress distribution at the notch depth along the grain in the tie beam or the king-post given in prEN 1995-1-1:2023, Formula (11.110);

	fv,d
	is the design shear strength parallel to the grain of the tie-beam or the king-post.


[bookmark: _Toc20932411][bookmark: _Toc64408809][bookmark: _Toc85833639][bookmark: _Hlk87964285]Compression at the front-notch surface
(1) Formula (10.10), according to prEN 1995-1-1:2023, 11.9.1.3(1), should be satisfied in order to prevent the compression at the front-notch surface.
	(10.10)
where
	Fcar,Ed
	is the design compressive force of the rafter;

	b
	is the width of the notch;

	tv
	is the depth of the notch;

	fc,90,d
	is the design compressive strength perpendicular to the grain;

	
	is the inclination angle of the front-notch surface to the normal of the grain in the tie-beam or the king-post, see Figure 11.38 from prEN 1995-1-1:2023;

	
	is the rafter skew angle.


[bookmark: _Toc20932412]Compression at the back surface
(1) For skew angles  > 50, Formula (10.11), according to prEN 1995-1-1:2023, 11.9.1.3(2), should be satisfied in order to prevent the compression at the back surface.
	(10.11)
where
	Fcar,Ed
	is the design compressive force on the notch surface, according to Formula (10.10);

	
	is the inclination angle of the front-notch surface to the normal of the grain in the tie-beam or the king-post, see Figure 11.38 from prEN 1995-1-1:2023;

	
	is the rafter skew angle;

	b
	is the width of the notch;

	hraf
	is the depth of the rafter;

	tv
	is the depth of the notch;

	kc,90
	according to 8.1.6.1(4) from prEN 1995-1-1:2023;

	fc,90,d
	is the design compressive strength perpendicular to the grain.


Double step connections
[bookmark: _Toc20932413]Shear crack
(1) For the double step connections, conditions given by Formula (10.12) according to prEN 1995-1-1:2023, 11.9.1.4, should be satisfied in order to prevent the shear crack along the grain in the tie beam in respect with the front and rear notches.
	(10.12)
with
	(10.13)
	(10.14)
where
	Fcar,Ed
	is the design compressive force of the rafter;

	Fcar1,Rd
	is the resistance of the front notch as defined in 10.6.3.4.2(1);

	Fcar2,Rd
	is the resistance of the rear notch as defined in 10.6.3.4.2(1);

	
	is the rafter skew angle;

	b
	is the width of the shear area;

	lv,ef
	is the effective shear length parallel to the grain given in prEN 1995-1-1:2023, Formula (11.111);

	kred
	is a reduction coefficient taking into account the non-uniform shear stress distribution at the notch depth along the grain in the tie beam given in prEN 1995-1-1:2023, Formula (11.110);

	fv,d
	is the design shear strength parallel to the grain of the tie-beam.


[bookmark: _Toc20932414]Compression at the front-notch surface
(1) Conditions given by Formula (10.15), according to prEN 1995-1-1:2023, 11.9.1.3(1), should be satisfied in order to prevent the compression at the front-notch surface in respect with the front and rear notches.
	(10.15)
with
	(10.16)
	(10.17)
where
	Fcar,Ed
	is the design compressive force of the rafter;

	Fcar1,Rd
	is the resistance of the front notch in a double step connection;

	Fcar2,Rd
	is the resistance of the rear notch in a double step connection;

	b
	is the width of the shear area;

	tv1
	is the depth of the front notch;

	tv2
	is the depth of the rear notch;

	fc,,d
	is the design compressive strength at the appropriate angle  to the grain, see 10.6.3.2;

	
	is the inclination angle of the front-notch surface to the normal of the grain in the tie-beam, see Figure 11.38 from prEN 1995-1-1:2023;

	
	is the rafter skew angle.


[bookmark: _Toc20932416][bookmark: _Toc96792617][bookmark: _Toc132813462][bookmark: _Toc119720452]Dowel-type fastener connections
NOTE	Dowel-type connections are based on the load-carrying contribution of steel fasteners and connectors working in shear. Post-elastic yielding can then be developed in the connection, with contributions from steel ductility and from the embedding of timber interacting with steel.
(1) prEN 1995-1-1 should be applied to the assessment of dowel-type joints.
(2) Shear stresses or tensile stresses perpendicular to the grain in the connection area should be limited in order to avoid brittle failures that can occur in dowel type connections.
NOTE	Timber can show a tendency to split in the connection area before the embedding strength is reached according to timber thickness, diameter and number of dowels, load to the grain angle, spacing as well as the end and edge distances of the dowels.
(3) Old metal connectors already present in a connection should be checked.
(4) For the determination of the load-carrying capacity of connections with metal dowel-type fasteners, the contributions of the yield strength, the embedment strength, and the axial resistance of the fastener should be considered.
[bookmark: _Toc492975041][bookmark: _Toc499231724][bookmark: _Toc20932417][bookmark: _Toc96792618][bookmark: _Toc132813463][bookmark: _Toc119720453]Verification to limit states
[bookmark: _Toc492975042][bookmark: _Toc499231725][bookmark: _Toc20932418][bookmark: _Toc96792619][bookmark: _Toc132813464][bookmark: _Toc119720454]Timber diaphragms
[bookmark: _Toc492975043][bookmark: _Toc499231726][bookmark: _Toc20932419]Displacement limitation
(1) Displacement based acceptance criteria for the verification to limit states should be as given in Table 10.5 in terms of drift ratios dr [%] defined according to Formula (10.18).
	(10.18)
where La and Δd are given in 10.5.2(7) and 10.5.2(9), respectively.
[bookmark: _Hlk106284696]Table 10.5 — Acceptance criteria for horizontal diaphragms in terms of drift ratios dr [%]
	[bookmark: _Hlk106284667]Limit State
	No retrofit
	Type of diaphragm (Figure 10.6)

	
	
	(a)
	(b)
	(e)
	(f)

	Near Collapse (NC)
	6,0%
	2,1%
	1,6%
	1,5%
	2,1%

	Significant Damage (SD)
	4,0%
	1,5%
	1,2%
	1,1%
	1,5%

	Damage Limitation (DL)
	2,5%
	0,8%
	0,7%
	0,6%
	0,8%


[bookmark: _Toc492975044][bookmark: _Toc499231727][bookmark: _Toc20932420]Force limitation
(1) At NC and SD limit states, condition given by Formula (10.19) should be satisfied.
	(10.19)
where
	vRd
	is the design value of diaphragm unit shear strength evaluated according to Formula (10.7), on the basis of the characteristic values provided in Table 10.4;

	vEd
	is the diaphragm unit shear force at diaphragm edges.


(2) The adequacy of the wall-to-diaphragm connection in transferring the shear force at the diaphragm edges shall be checked.
[bookmark: _Toc492975045][bookmark: _Toc499231728][bookmark: _Toc20932421][bookmark: _Toc96792620][bookmark: _Toc132813465][bookmark: _Toc119720455]Timber frames
[bookmark: _Toc492975046][bookmark: _Toc499231729][bookmark: _Toc20932422]Displacement limitation
(1) At NC, SD and DL limit states, the maximum lateral deformation of timber frames should satisfy the limitations given in prEN 1998-1-2:2022.
[bookmark: _Toc492975047][bookmark: _Toc499231730][bookmark: _Toc20932423]Force limitation
(1) The resistance of the frame members to the seismic action effects in terms of forces, resulting from the seismic analysis, should be evaluated in accordance with the methods given in prEN 1995-1-1 and the additional provisions given in prEN 1998-1-2.
[bookmark: _Toc492975048][bookmark: _Toc499231731][bookmark: _Toc20932424][bookmark: _Toc96792621][bookmark: _Toc132813466][bookmark: _Toc119720456]Carpentry connections
(1) To avoid the risk of brittle failures, capacity design rules according to prEN 1998-1-2:2022 should be applied.
NOTE	Annex C3C, C.3 gives design recommendations for the reinforcement of carpentry connections to ensure structural integrity and avoid brittle failure modes.
[bookmark: _Toc20932425][bookmark: _Toc96792622][bookmark: _Toc132813467][bookmark: _Toc119720457]Dowel-type connections
(1) To avoid the risk of brittle failures, capacity design rules according to prEN 1998-1-2:2022 should be applied.
[bookmark: _Ref516045057][bookmark: _Toc20932426][bookmark: _Toc96792623][bookmark: _Toc132813468][bookmark: _Toc119720458]Resistance models for retrofitting
[bookmark: _Toc20932427][bookmark: _Toc96792624][bookmark: _Toc132813469][bookmark: _Toc119720459]Material design resistance
(1) 10.6.1(1) should be applied using (2).
(2) Values of the condition assessment factor 𝜑 should be taken from Table 10.6.
NOTE	Degradation process is assumed to be no longer active, the biotic cause of degradation is assumed to be no longer present
Table 10.6 — Condition assessment criteria (𝜑 factors)
	Condition rating
	Condition description
	𝜑

	D1 – Good
	Timber free of borer; little separation of floorboards; no signs of past water damage; little or no nail rust; floorboard-to-joist connection tight, coherent and unable to wobble
	1,00

	D2 – Fair
	Little or no borer; less than 3 mm of floorboard separation; little or no signs of past water damage; some nail rust but integrity still fair; floorboard-to-joist connection has some but little movement; small degree of timber wear surrounding nails
	0,90

	D3 – Poor
	Considerable borer; floorboard separation greater than 3 mm; water damage evident; nail rust extensive; significant timber degradation surrounding nails; floorboard joist connection appears loose and able to wobble
	0,70


[bookmark: _Toc20932428][bookmark: _Toc96792625][bookmark: _Toc132813470][bookmark: _Toc119720460]Diaphragms
[bookmark: _Toc20932429]Methods for retrofitting
(1) The improvement of the in-plane behaviour of timber diaphragms (in terms of both strength and stiffness) may be achieved through multiple techniques.
NOTE	In the following, some of the most common and established retrofit methods are described with reference to existing diaphragms with single straight sheathing. 
(2) Solutions involving considerable weight increase should be avoided, especially for upper floor levels.
(3) Retrofitting measures may be one or several of those given in a) to f).
NOTE	They are also described in Figure 10.6.


Key
	1
	joists

	2
	floorboards

	3
	additional diagonal sheathing

	4
	structural wood-based panels

	5
	metal straps

	6
	waterproof sheath

	7
	steel reinforcement 

	8
	concrete slab

	9
	cross laminated timber (CLT) panels

	10
	glulam or laminated veneer lumber planks 


[bookmark: _Ref492742714]Figure 10.6 — Strengthening and stiffening solutions: (a) additional diagonal sheathing; (b) structural wood-based panels; (c) metal straps; (d) concrete slab; (e) CLT/LVL panels; (f) timber planks and additional diagonal sheathing
a) Additional sheathing (Figure 10.6(a)). The overlying of the diaphragm with one or more additional sheathings connected to the original flooring by means of nails and/or screws is one of the easiest and most immediate retrofit interventions. For an effective intervention, it is recommended that the boards of the additional overlay form an angle of approximately 45° with the underlying flooring.
b) Structural wood-based panels (Figure 10.6(b)). This technique should involve the overlying of the diaphragm by means of one or more layers of wood-based structural panels, such as Oriented Strand Board sheathing (OSB) or plywood. The minimum thickness should be 9 mm for plywood-sheathing, and 12 mm for particleboard, fibreboard, OSB. Panels are connected to the floor by means of withdrawal-resistant fasteners, screws are to be preferred in order to prevent panel buckling. Fastener spacing (centre-to-centre) should be less than 30 d along panel edges, while field fasteners should be approximately spaced at less than 60 d. Fastener length should be appropriate to guarantee load transfer. Panels may be arranged as given in Figure 10.7. In order to obtain a homogenous response in the two loading directions, use of pattern (c) in Figure 10.7 is advised.


[bookmark: _Ref492742788]Figure 10.7 — Plywood overlay layouts
c) Metal straps (Figure 10.6(c)). The stiffening of an existing diaphragm may be achieved by positioning upon it a series of thin steel plates (straps) forming a grid, whose principal directions are rotated at an angle α with respect to the principal directions of the floor. In general, an angle α = 45° is adopted. Aforementioned straps are connected to the floor above via uniformly spaced nails or screws.
d) Concrete slab (Figure 10.6(d)). The in-plane stiffening and strengthening of a wooden diaphragm may be achieved by means of a concrete slab poured above the existing floor. If adequate shear connections between timber joists and concrete slab and are provided also the out-of-plane stiffness and strength of the floor will be improved, resulting into a timber-concrete composite (TCC). Mass increase (and, therefore, the increase of inertial forces) resulting from this solution should be carefully evaluated. 
e) CLT and LVL panels (Figure 10.6(e)). This technique is based on the use of CLT or LVL panels placed above the existing floor, continuously spanning in the joist direction. Alternatively, the flooring may be removed, and the panels directly laid above the joists. In any case, panels should be effectively connected to the framing. If adequate shear connections between timber joists and panels are provided also the out-of-plane stiffness and strength of the floor will be improved, resulting into a timber-timber composite (TTC).
f) Timber planks and additional floorboard overlay (Figure 10.6(f)). In this case the out-of-plane stiffening effect is provided by the additional timber planks (e.g. glulam, LVL) which may be connected to the joists beneath, resulting into a composite timber-timber floor. Diaphragm in-plane stiffness will be increased by the presence of the additional diagonal sheathing and the planks.
(4) When both the in-plane and the out-of-plane diaphragm performance need to be improved, solutions (d), (e) and (f) given in (3) may be adopted (see also 10.8.2.3(2)).
[bookmark: _Toc20932430]Modelling and analysis
(1) 10.4 should be applied for the modelling of reinforced diaphragms.
(2) For modelling of diaphragms, the diaphragm effective equivalent shear stiffness Gd0,eff should be taken as given by Formula (10.5), with Gd0  taken from Table 10.7.
[bookmark: _Hlk106285049]Table 10.7 — Equivalent shear stiffness values Gd0 [kN/m]*
	[bookmark: _Hlk106284776]
	No retrofit
	Type of retrofitted diaphragm
(Figure 10.6)

	
	
	(a)
	(b)
	(e)
	(f)**

	Single straight sheathing 
	150
	3000
	1800
	3000
	3000

	Single straight sheathing (SQ joists) ***
	400
	3600
	2400
	4100
	3800

	* Given values can be considered as reference values. 
** This retrofit strategy, that is mainly intended for improving diaphragm out-of-plane performance, requires squat joists (SQ) in order to be effective.
*** When the diaphragm is loaded in the direction perpendicular to the joists.


(3) When openings are present, specific analysis techniques should be performed and detailing provided at the openings.
NOTE	The presence of any but small openings in wood diaphragms cause a reduction in the stiffness and yield capacity of the diaphragm due to a reduced length of diaphragm available to resist lateral forces. The presence or addition of chord members around the openings reduce the loss in stiffness of the diaphragm and limit damage in the area of the openings.
(4) The influence of perimeter chords on the diaphragm in-plane stiffness depends on the type of diaphragms and on the mechanical properties of the chord members and of the chord-to-diaphragm connection.
NOTE	For diaphragms that do not exhibit a clear flexural response, such as single straight sheathed diaphragms, the chord contribution is usually limited, and it is related to the bending stiffness of the chord members. In cases where a more pronounced diaphragm flexural response is expected, the chord axial stiffness is engaged (depending on the stiffness of the chord-to-diaphragm connection) and the perimeter chords can act similarly to the flanges of a girder.
[bookmark: _Toc20932431]Verifications
(1) 10.6.2 should be applied.
(2) In case 10.8.2.1(4) is used, the out-of-plane safety should be checked according to prEN 1995-1-1.
NOTE	prEN 1995-1-1 <to add clause reference> “Mechanically jointed beams”, gives a method for verification.
[bookmark: _Toc492975038][bookmark: _Toc499231721][bookmark: _Toc20932432][bookmark: _Toc96792626][bookmark: _Toc132813471][bookmark: _Toc119720461]Timber frames
[bookmark: _Toc20932433]Methods for retrofitting
(1) Retrofitting techniques given in Table 10.8 may be used, depending on the type of frame.
Table 10.8 — Retrofitting techniques
	Frame (Figure 10.3)
	Retrofitting / reinforcement technique

	1
	Full threaded screws perpendicular to the grain

	2
	Full threaded screws perpendicular to the grain

	3
	Full threaded screws perpendicular to the grain or plywood layers

	4
	Full threaded screws perpendicular to the grain

	5
	A
	Full threaded screws perpendicular to the grain

	
	B
	Filling the gaps


[bookmark: _Toc20932434]Modelling and analysis
(1) 10.4 should be applied for the modelling of reinforced frames.
(2) When a force-based approach is used for the verification to SD Limit State, the value of q may be taken as given in Table 10.9.
Table 10.9 — Behaviour factors q to be considered
	Frame (Figure 10.3)
	q

	1
	1,5

	2
	1,5

	3
	2,5

	4
	1,5

	5
	A
	1,5

	
	B
	2,0


NOTE 1	Most timber frames do not meet the requirements for ductility class medium (DC2) or ductility class high (DC3). 
NOTE 2	10.8.3.1 gives recommendations for retrofitting in such a way that the behaviour factors for the situation after retrofitting meet the values given in Table 10.9.
(3) For the assessment and the analysis of timber-to-timber connections, mean values of the elastic modulus Emean,fin, shear modulus Gmean,fin and slip modulus kser,fin, should be evaluated on the basis of the kdef value as given in prEN 1995-1-1:2023.
(4) When a force-based approach is used for the verification to SD limit state, the behaviour factor q should be taken equal to 1,5.
[bookmark: _Toc20932435]Verifications
(1) Verification of reinforcement should be carried out according to prEN 1995-1-1.
[bookmark: _Toc492975034][bookmark: _Toc499231717][bookmark: _Toc20932436][bookmark: _Toc96792627][bookmark: _Toc132813472][bookmark: _Toc119720462]Carpentry connections
[bookmark: _Toc20932437]General
(1) Special attention should be addressed to carpentry joints, protecting them from sudden loss of capacity and brittle failure, and providing them as much as possible with post-elastic behaviour capabilities (ductility).
(2) Ductile failure mode (compressive crushing) causes high deformation of the joint and therefore shall be prevented.
(3) Carpentry connections should be suitably shaped in order to transfer compression forces by direct contact and friction.
NOTE	Most of these connections are not suitable for transferring tension.
(4) Brittle failure modes (shear crack and tension failure) parallel and perpendicular to grain entail the collapse of the joint and therefore shall be prevented.
(5) To maintain the integrity of carpentry connections, fasteners, ties and other devices should be added to prevent disassembly. However, they should not alter the load paths in normal conditions; in particular, the connection stiffness should not be significantly increased. Their presence should not be considered for defining the resistance of the carpentry connection.
(6) Any past or new intervention that can induce uncontrolled decay by forming an adverse microclimate in the joint area should be corrected or avoided, respectively.
[bookmark: _Toc20932438]Repair and reinforcement
NOTE	The repair is generally intended to guarantee the structural integrity, whilst reinforcements are intended for retrofitting.
(1) Disassembly of carpentry connections should be prevented by means of appropriate devices, such as fasteners, ties etc.
(2) Wooden wedges or other appropriate filling material should be used to ensure a perfect contact between the connected surfaces.
NOTE	In the case of reverse loads or because of high shrinkage of the wood elements, joints can develop gaps.
(3) The moisture content of wooden wedges should be as close as possible to that of repaired wooden elements in order to avoid any shrinkage of the wedge.
(4) Connection of prostheses to the repaired timber member by means of glued-in steel elements should be performed away from the joint area since brittleness may be introduced by glue.
(5) Retrofitting of carpentry connections should aim at preventing shear and tension perpendicular to grain failures. Special attention should be paid to the risk of shear block failure when designing the retrofitting.
(6) Joints retrofitting should be done in different ways, as given in a) to d):
a) simple replacement or addition of new fasteners;
b) use of metal plates;
c) wood or wood –based product elements connected by mechanical fasteners;
d) glued composites or even full injection with fluid adhesives.
NOTE	Each solution has unique consequences in terms of the joint final strength, stiffness and ductility.
(7) As the reinforcing elements generally have different stiffness, thermal expansion and moisture absorption properties than the existing timber member, factors such as constrained shrinkage and swelling due to thermal or moisture changes should be considered and if necessary additional thermal or moisture induced stresses should be accounted for in the design of the intervention.
(8) Stiff retrofitting solutions, such as enclosing the whole joint in a steel cage or cuffs, should be avoided, as they can change the original load path and trigger brittle failure elsewhere in the structure.
(9) In the presence of biotic attack, the strengthening of the joint should not rely on the timber.
(10) Metal fasteners of small diameters and well-spaced (distributed) may be used.
NOTE	Brittle behaviour can also result more subtly from placing a relatively small amount of reinforcement with an inappropriate layout, preventing relative rotation of the elements. 
(11) When metal elements were used in the original construction of the joints, or, added later, the intervention should include the substitution of the fasteners (nails, bolts, etc.) by new ones and the treatment of the metal for durability.
[bookmark: _Toc20932439]Verifications
(1) 10.6.3 should be applied.
(2) For the design of the fasteners and fastening of the reinforcing elements, one should apply prEN 1995-1-1. Formulas related to dowel-type connections in prEN 1995-1-1, should be adopted.
[bookmark: _Toc20932440][bookmark: _Toc96792628][bookmark: _Toc132813473][bookmark: _Toc119720463]Dowel-type connections
[bookmark: _Toc20932441]Retrofitting measures
(1) Reinforcements should be added to overcome timber weaknesses, by increasing the shear strength and the tensile strength perpendicular to the grain and by stopping the propagation of cracks.
(2) Reinforcements should be selected on the basis of a careful assessment of the elements to be connected and of the wood material involved.
NOTE	Depending on the condition of the wood material, not all the connections listed in prEN 1995-1-1 can be adopted. It is left to the designer's responsibility to choose the specific connection for the specific intervention.
(3) Reinforcement of dowel-type connections may be used to increase the load bearing capacity, to reduce the spacing or to increase the ductility.
(4) Reinforcement should ensure that the structural capability of post-elastic cyclic deformations and of energy dissipation concentrates in the connections, while timber members should remain elastic.
(5) In ultimate limit state conditions, post-elastic capacity should be enhanced, and brittle failure should be avoided; care should be taken to avoid introducing brittle modes of failure in the timber. In the case of double step connections presenting an erroneous wrong geometry, i.e. when the depth of the front and rear heels are equal (tv,1 = tv,2, in prEN 1995-1-1:2023, Figure 11.38), the double step connection should always be strengthened.
[bookmark: _Toc20932442]Verifications
(1) prEN 1995-1-1 should be applied to the verification of dowel-type connections.


[bookmark: _Toc132813474][bookmark: _Toc119720464]Specific rules for masonry buildings
[bookmark: _Toc132813475][bookmark: _Toc119720465]Scope
(1) [bookmark: _Toc64408818][bookmark: _Toc85833648][bookmark: _Hlk96689058]This clause contains rules for the assessment and the design of the retrofitting of masonry buildings in seismic regions.
(2) This clause contains rules for unreinforced, confined and reinforced masonry lateral force resisting walls.
NOTE	See also Annex E, Figure E.3.
(3) Existing masonry building are classified as modern technology structures, when made of regular masonry walls tied at floor level by rigid diaphragms, and as pre-modern technology structures, when these conditions are not met. 
NOTE	Modelling and safety verifications provisions in 11 make reference, when applicable, to EN 1996-1-1, in particular for existing buildings of modern technology, even though they were originally built without a code-based design.
(4) Rules complementary to 5 for Knowledge Levels of masonry structures are given in 11.2.
(5) Rules complementary to 6.3 for structural modelling and analysis of masonry structures are given in 11.3.
(6) Resistance models for in-plane loaded masonry members are given in 11.4.
(7) Safety verification rules complementary to 6.7 for verification of limit states are given in 11.5.
(8) Criteria for verification of members to which common retrofitting techniques have been applied are given in 11.6.
[bookmark: _Toc475370593][bookmark: _Toc354300352][bookmark: _Toc484692130][bookmark: _Toc494123202][bookmark: _Toc20932445][bookmark: _Toc96792631][bookmark: _Toc132813476][bookmark: _Toc119720466]Identification of geometry, construction details and materials
[bookmark: _Toc475370594][bookmark: _Toc354300353][bookmark: _Toc484692131][bookmark: _Toc494123203][bookmark: _Toc20932446][bookmark: _Toc96792632][bookmark: _Toc132813477][bookmark: _Toc119720467]General
(1) The aspects described in a) to g) should be carefully examined:
a) Type of masonry unit (e.g., clay, stone, concrete, hollow, solid, etc.);
b) Physical condition of masonry members and presence of any decay;
c) Configuration of masonry members and their connections, as well as the continuity of load paths between lateral resisting members;
d) Characteristics of horizontal diaphragms, both in terms of in-plane stiffness and connection with the vertical walls;
e) Properties of constituent materials of masonry members and quality of connections;
f) The presence and attachment of veneers, the presence of ancillary components, the distance between partition walls;
g) Information on adjacent buildings potentially interacting with the building under consideration;
[bookmark: _Toc475370595][bookmark: _Toc354300354][bookmark: _Toc484692132][bookmark: _Toc494123204][bookmark: _Toc20932447][bookmark: _Toc96792633][bookmark: _Toc132813478][bookmark: _Toc119720468]Geometry
(1) The collected data should include all items given in a) to d):
a) Size and location of all walls, including height, length and thickness;
b) Dimensions of masonry units; in the case of rubble stone masonry, uniformity of size and shape, as well as the absence of rounded pebbles;
c) Location and size of wall openings (doors, windows);
d) Distribution of gravity loads on bearing walls.
[bookmark: _Toc475370596][bookmark: _Toc354300355][bookmark: _Toc484692133][bookmark: _Toc494123205][bookmark: _Toc20932448][bookmark: _Toc96792634][bookmark: _Toc132813479][bookmark: _Toc119720469]Construction details
(1) The collected data should include all items given in a) to n):
a) Historical information, identification of different phases of construction and of changes;
b) Classification of the walls as unreinforced, confined, or reinforced;
c) Presence and quality of mortar;
d) For reinforced masonry walls, amount and position of horizontal and vertical reinforcement;
e) For multi-leaf masonry (rubble core masonry walls), identification of the number of leaves, respective distances, and location of ties, when present;
f) Determination of the type and condition of the mortar and mortar joints; examination of the resistance, erosion and hardness of the mortar; identification of defects such as cracks, internal voids, weak components and decay of mortar;
g) Identification of the type and condition of connections between orthogonal walls;
h) Identification of lack of continuity in masonry walls (e.g., flues, closed openings and construction joints);
i) Identification of the type and condition of connections between walls and floors or roofs;
j) Characteristics and effectiveness of lintels;
k) Characteristics of horizontal diaphragms and roof, state of conservation, effectiveness of connection to walls and their in-plane stiffness;
l) Identification of previous instability or damage mechanisms, as well as subsequent repair and retrofitting interventions;
m) Identification and location of horizontal cracks in bed joints, vertical cracks in head joints and masonry units, and diagonal cracks near openings; attention should be paid to the alignment of cracks on both sides of a wall;
n) Examination of deviations of walls from verticality and separation of exterior leaves or other elements as parapets and chimneys.
[bookmark: _Toc475370597][bookmark: _Toc354300356][bookmark: _Toc484692134][bookmark: _Toc494123206][bookmark: _Toc20932449][bookmark: _Toc96792635][bookmark: _Toc132813480][bookmark: _Toc119720470]Materials
(1) The different masonry types in the building should be identified. If a preliminary analysis (see 5.4.2) has been performed, this identification should be carried out carefully only in the critical areas.
(2) The relevant material properties should be related to the specific features of masonry types (regular or irregular pattern) and the prevailing failure mechanisms of members (flexure/rocking, shear sliding or diagonal cracking). Material properties should be defined for each portion built in different periods, as identified from a survey of specific details and according to the historical information on construction phases and alterations.
(3) In the case of masonry buildings of modern technology, made of masonry units conforming to the types specified in EN 1996-1-1 and mortar that may be classified according to EN 1996-1-1, the material properties of masonry should be evaluated according to EN 1996-1-1.
(4) Because pre-modern masonry buildings may be characterised by both regular and irregular masonry units, differently cut and dressed (masonry pattern), often arranged with poor-quality mortar, material properties should be obtained by direct testing and/or making reference to a recognised classification of masonry types, with reference strengths and stiffness parameters, required to support and confirm in situ testing.
NOTE 1	Figure E.3 in Annex E illustrates the adopted classification of masonry buildings (pre-modern and modern) and the possible types of masonry material (regular or irregular patterns).
NOTE 2	Annex D, D.2 provides ranges of values for several common masonry types.
(5) For each type of member (spandrel, pier, etc.), the achieved KL on Materials based on the collected information should be as given in Table 11.1, depending on i) extended visual survey; ii) extended non-destructive testing; iii) direct testing of single material properties.
Table 11.1 — KL on Materials as a function of collected information on masonry buildings
	Sources of information
	KLM

	Extended visual survey of masonry 
	KLM1

	Extended non-destructive testing
	KLM2

	Direct testing
	KLM3


NOTE 1	In the case of masonry buildings, achieving KLM on the basis of original design specifications and the extent of inspection (L, E, C) is problematic, because usually the former do not exist (pre-modern buildings) and the latter is difficult to be quantified in terms of minimum percentage of structural members that can be checked (great variety of alternative testing methods). KLM then depends on the reliability of the adopted testing method, rather than its extent. 
NOTE 2	The following parameters of masonry can be determined by direct testing: diagonal tensile strength, shear strength in the absence of vertical loads and compressive strength. Other properties, such as the shear modulus, can be estimated indirectly, if no specific investigation is conducted. Due to the difficulty of performing extensive and reliable tests, material properties can be defined on the basis of reference values for different material types (for example, on the basis of Annex D), potentially updated on the basis of any direct test that it is possible to carry out in the building (in the case of KLM3).
NOTE 3	Visual survey of masonry features requires plaster removal (on areas of around 1×1 m2); in order to achieve the minimum percentage of Table 5.4, thermography, where effective, can be used to reduce the extent of plaster removal. Local disassembly of the external wythe is necessary in order to understand the transversal section of the masonry wall and the interlocking between leaves (through ties or rigid links). The final aim is to identify the masonry type in order to use reference values of material parameters for the assessment (KLM1).  
NOTE 4	Non-destructive testing is useful not only as integration to visual survey but also for the availability of correlations with material properties, which may increase the confidence in the attribution of the masonry type. This is the reason why an extended non-destructive testing programme allows to achieve KLM2. A combination of endoscopy and non-destructive methods of survey, like georadar or sonic tests, can be used to extend the mapping of information. Sonic tests are useful to identify the presence of voids inside the masonry wall and the degree of transversal connection between wythes; rebound tests on bricks and on mortar joints may be correlated to their strength (albeit with a low accuracy). Moreover, non-destructive testing can be used to quantify and confirm the uniformity of construction quality and the presence and degree of deterioration. 
(6) KLM3 should be pursued through direct measurement of relevant material properties, which should be defined by considering both results of testing and reference values of material types, used in the case of KLM1 and KLM2.
(7) Mean values may be obtained by using the results of direct tests for a Bayesian updating of a priori distributions derived from reference values for the type of material; this updating should consider the intrinsic error in the testing method as well as the dispersion of the parameter within the building. A combination of non-destructive methods and direct methods may be used to extend the results of direct testing to parts of the building with apparently uniform material properties.
NOTE 1	Reference mean values and coefficients of variation for mechanical properties of different masonry types are given in Annex D, Table D.1.
NOTE 2	As the accuracy of non-destructive methods depends on many local factors, the preliminary calibration of these methods in the areas where direct tests are performed is strongly encouraged. Among the different possible tests, the following have been widely used: i) hydraulic flat jack test to measure the in situ vertical compressive stress resisted by masonry; ii) hydraulic flat jack test to measure the in situ shear strength of masonry, in conjunction with flat jacks applying a measured vertical load to the masonry units tested; iii) diagonal compression test to estimate shear strength and shear modulus of masonry; iv) large-scale destructive tests on  structural sub-assemblages or members, to provide specific information such as out-of-plane strength, behaviour of connections and openings, in-plane strength and deformation capacity.
[bookmark: _Toc475370598][bookmark: _Toc354300357][bookmark: _Toc484692145][bookmark: _Toc494123207][bookmark: _Toc20932450][bookmark: _Toc96792636][bookmark: _Toc132813481][bookmark: _Toc119720471][bookmark: _Toc64408822][bookmark: _Toc85833652]Structural modelling and analysis
[bookmark: _Toc20932451][bookmark: _Toc96792637][bookmark: _Toc132813482][bookmark: _Toc119720472]General
NOTE	The seismic response of masonry buildings depends on the behaviour of masonry walls, both in-plane and out-of-plane, on the connection between walls, and on the interaction with horizontal diaphragms.
[bookmark: _Toc20932452]Specificity of existing masonry buildings
(1) As minimum rules prescribed for the seismic design of masonry buildings, as given in prEN 1998-1-2:2023, 14.2 and 14.3, associated to limit values of the seismic action, are typically not satisfied by existing buildings; the consequences of these potential weaknesses should be evaluated.
[bookmark: _Toc20932453]In-plane behaviour
(1) The in-plane behaviour of masonry walls, which prevails when formation of out-of-plane mechanisms is prevented, should be modelled by identifying masonry structural members, in order to use resistance models defined in 11.4.1.
(2) Some masonry members may be considered as secondary seismic, according to prEN 1998-1-2:2023, 4.4.2(1). They may be included in the structural model as struts, able to resist axial forces, but not shear forces and bending moments. For piers, this may be the case of thin masonry walls that are not intended (or reliable, due to their slenderness) to be part of the seismic action resisting system of the building, but on which a slab is supported. For spandrels, this may be the case when their strength and stiffness is neglected.
NOTE	In these cases, the assumption is on the safe side. 
(3) If masonry is considered as the “primary” seismic resisting system, modelling, analysis and verification should be made according to provisions in 11, complemented by 8, 9 and 10 as relevant for specific verifications at member level.
(4) Vertical members (piers) may be modelled as vertical beams, with flexural and shear deformation. Masonry spandrels may be introduced in the model as coupling horizontal beams between two pier members. If the structural model takes into account the coupling beams, a frame model may be used for the determination of the action effects in the vertical (piers) and horizontal (spandrels) members, connected by rigid nodes of finite dimension (prEN 1998-1-2:2023, 14.5.1.3(7)).
NOTE	The axial force in spandrel beams is usually very low, as horizontal seismic actions are distributed to each node in proportion to the tributary mass. Axial forces are generated only when a redistribution of shear forces between masonry piers is necessary or if the elongation of the spandrel is resisted by other members, such as ring beams or tie rods. Moreover, calculation of normal force in spandrel beams using a 3D equivalent frame model is not always accurate because of: a) interaction with horizontal diaphragms (when assumed rigid the axial force can be estimated only from equilibrium conditions); b) interaction with other horizontal members attached to the spandrels, sometimes even not explicitly modelled (lintels); c) failure of the beam model to capture the effect of the interaction between axial and bending deformations (uplift) that occurs after cracking. For all these reasons, the axial force in spandrels can be neglected in the shear resistance models provided in 11.4.1.1, rather than using a highly uncertain value.
(5) For those masonry walls in which it is not possible to define in a reliable manner the members mentioned in (2) (e.g. in the presence of an irregular pattern of openings), two-dimensional or three-dimensional continuous or discrete models may be adopted, considering a) and b):
a) In all cases, the safety verification should be carried out in terms of action effects (axial force N, shear force V and bending moment M) at specific relevant sections and of the generalised shear deformation of properly singled out masonry panels (drift ratio ), according to the resistance models in 11.4.1.
b) The capability of the model to simulate the shear resistance of single representative masonry members should be validated, by comparison with failure criteria in 11.4.1.1, in order to check the exceedance of Limit States at local level in the relevant masonry panels in terms of deformation (11.4.1.2).
NOTE	These models are usually feasible for linear analysis. Non-linear analysis with this approach is difficult to properly model the local behaviour of masonry, hence the need for validation of the models. 
(6) Buildings with reinforced masonry or confined masonry members should be modelled similarly to those with unreinforced masonry members, but with appropriate failure criteria and force-deformation relationships.
NOTE	The use of structural models in which masonry members and reinforcing bars or confining reinforced concrete members are explicitly considered can be less accurate, because they are not able to capture properly the interactions between them, which are indeed implemented in failure criteria defined at member level.
(7) Mixed masonry and reinforced concrete buildings may be modelled using the equivalent frame approach. This model may be used in the most common cases of buildings given in a) to c).
a) External masonry walls and internal reinforced concrete frames.
b) Masonry buildings to which a reinforced concrete floor has been added.
c) Masonry buildings extended in plan by a connected reinforced concrete structure.
The same modelling may be used in the case of buildings in which masonry is used together with other materials, such as steel or timber. 
(8) Horizontal diaphragms in masonry buildings should be classified as rigid, stiff or flexible (see 11.3.2.2).
(9) If horizontal diaphragms are rigid or stiff, the building should be analysed using a global 3-dimensional model wherein the in-plane behaviour of masonry walls should be considered. If horizontal diaphragms are flexible, each single wall may be analysed and verified independently, being subjected to its own seismic action effects (including those transferred by supported floors) and to those related to connected out-of-plane loaded walls.
[bookmark: _Toc20932454]Out-of-plane behaviour
(1) In the case of modern masonry buildings, made of walls tied at floor levels, the verification for lateral (out-of-plane) seismic loading should be considered independently for each wall panel, bonded by other orthogonal walls and rigid horizontal diaphragms. The verifications should be made according to EN 1996-1-1.
(2) The seismic assessment of pre-modern masonry buildings should also consider the verification of possible partial mechanisms (11.3.3), mainly characterised by out-of-plane response of a wall portion that is not well connected to walls loaded in-plane. These mechanisms (which are usually not captured by the global model) may be analysed using sub-structuring models, considering a portion (macro-element) that may be assumed as behaving independently from the rest of the building. One of two alternative approaches (of increasing accuracy) given in a) and b), should be used.
a) equilibrium limit analysis of a kinematic chain of rigid blocks may be used to evaluate the seismic horizontal force multiplier at the activation of the mechanism (11.3.3.1);
b) incremental equilibrium limit analysis with geometric non-linearity should be used for deriving the pushover curve and the displacement capacity (11.3.3.2); either a rigid or an elastic initial behaviour may be assumed, depending on the mechanism features.
(3) In the case of pre-modern masonry buildings with rigid or stiff horizontal diaphragms, well connected to masonry walls, the out-of-plane behaviour should be considered only for slender masonry piers. To this purpose, the methods given in (12) for the case of modern masonry buildings, which make reference to EN 1996-1-1, may be used as an alternative to the use of equilibrium limit analysis, in particular when both the horizontal and vertical constraints to the panel are considered.
[bookmark: _Toc484692147][bookmark: _Toc494123209][bookmark: _Toc20932455][bookmark: _Toc96792638][bookmark: _Toc132813483][bookmark: _Toc119720473][bookmark: _Toc475370600][bookmark: _Toc354300359]Modelling and analysis of global in-plane response of masonry walls
[bookmark: _Toc484692148][bookmark: _Toc494123210][bookmark: _Toc20932456]Force-deformation relationship of masonry structural members
(1) In the case of linear analysis, the stiffness of the primary seismic members should be calculated considering the effect of cracking (prEN 1998-1-1:2022, 6.2.2) and should be based on the secant value at 70% of the ultimate strength of the member, determined according to 11.4. Unless a more accurate analysis of the cracked members is performed, the flexural and shear stiffness properties of masonry members may be taken as a fraction of the corresponding stiffness of the uncracked member, according to prEN 1998-1-2:2023, 5.1.3(3).
NOTE	The use of cracked or uncracked stiffness can be driven by the results of preliminary analysis (5.4.2) if one is carried out.
(2) In the case of non-linear analysis, according to prEN 1998-1-1:2022, 6.2.3, proper piecewise linear force-deformation relationships should be defined at member level, in terms of shear force and member drift ratio. The elastic stiffness should correspond to the cracked conditions defined in (1). Trilinear force–deformation relationships, which consider pre-cracking and post-cracking stiffnesses, may also be used.
(3) In masonry buildings, progressive strength degradation may be included at member level, in order to evaluate the ultimate displacement capacity at global level by considering progressive damage and failure under seismic (horizontal) and gravity (vertical) loads of all resisting walls; in this case, safety verification should be made in global terms (6.7.3.3). If progressive strength degradation is not included in the model, safety verification should be made in local (member-level) terms (6.7.3.2).
(4) A piecewise linear relationship should be used to describe the progressive strength degradation. Three damage levels should be defined in terms of drift thresholds at member level, which are structurally relevant points along the force-deformation relationship (Figure 11.1), as given in a) to c):
a) yield drift y, corresponding to the attainment of the maximum shear strength;
b) ultimate drift u, corresponding to a drop in the shear force with respect to the peak value (by an amount that depends on the failure mechanism);
c) second ultimate drift u2, wherein the shear force is further reduced (by an amount that depends on the failure mechanism) with respect to the maximum shear resistance.
NOTE	Specific values for the above-mentioned parameters of the force-deformation relationship, for piers and spandrels under different conditions, are provided in 11.4.1.2.
(5) The force-deformation relationship between ultimate drifts u and u2 may be a linear softening branch (Figure 11.1) or a sudden drop down to the reduced shear force, followed by a constant branch. After u2, a residual shear force should be considered (potentially equal to zero in the case of brittle failure mechanisms). A simplified bilinear force-deformation relationship until the u2 drift threshold is reached may be adopted, followed by a sudden drop of the shear force to zero, in particular in buildings with rigid diaphragms.
NOTE	For piers, damage level at u2 does not correspond to the condition in which the gravity loads (axial force) can no longer be supported; for spandrels, damage level at u2 represents the condition of extensive damage, but usually the lintel (when present) has not collapsed yet.


Figure 11.1 — Schematic force-deformation relationship for masonry members
[bookmark: _Toc486926149][bookmark: _Toc486967357][bookmark: _Toc487011217][bookmark: _Toc475370601][bookmark: _Toc354300360][bookmark: _Toc484692150][bookmark: _Toc494123211][bookmark: _Toc20932457]Models for horizontal diaphragms
(1) Diaphragms should be classified in one of the classes described in a) to c):
NOTE	See also Annex E, Figure E.4.
a) Flexible, when the maximum in-plane angular deformation of the diaphragm d,i (at level i) is more than twice the average value of the interstorey drift ratiosw,i of the walls supporting the specific floor area, at the storey immediately below the diaphragm; the interstorey drift ratio may be calculated through Formula (11.1), while the in-plane angular deformation of the diaphragm is defined by Formula (11.2).
	(11.1)
	(11.2)
where
	uw,i and uw,i-1
	are the horizontal displacements of the wall w at levels i and i-1;

	hi
	is the interstorey height at the storey below level i;

	uw’,i and uw”,i
	are the horizontal displacements of two non-contiguous walls (w’ and w”) of the floor area, at level i;

	ld
	is the distance between walls w’ and w”.


b) Rigid, when the maximum in-plane angular deformation of the diaphragm is less than half the average drift ratio of the vertical seismic-force-resisting members of the storey immediately below the diaphragm.
c) Stiff, when it is intermediate between flexible and rigid.
(2) For the purpose of classifying horizontal diaphragms, storey drift ratios and diaphragm in-plane angular deformations may be calculated using linear elastic analysis for the design seismic action with consideration of torsional effects, as specified in prEN 1998-1-2:2023, 4.4.3 and 5.2.
NOTE	The decision to include in the structural model the actual stiffness of horizontal diaphragms derives from the results obtained under the assumption of a rigid diaphragm constraint. After the evaluation of the increase (or decrease) of the base shear in each wall, with respect to the one related to its tributary mass, the in-plane shear force transferred by each floor area can be evaluated. Then the angular deformation of the diaphragm is estimated by considering its actual stiffness. Finally, this angular deformation of the diaphragm is compared with the interstorey drift ratios of the supporting walls.
(3) For buildings with stiff or rigid diaphragms, a three-dimensional model should be used to distribute the storey shear forces to the lateral-force-resisting members, taking into account the stiffness of these members and modelling the actual stiffness of horizontal diaphragms. Horizontal diaphragms may be modelled i) by imposing a rigid link among nodes (a diaphragm constraint), for rigid diaphragms; ii) by using shell elements of equivalent stiffness (or other equivalent approaches, such as diagonal struts of proper stiffness), for stiff diaphragms.
NOTE 1	Annex D, D.4 provides indicative values for the equivalent stiffness of different types of horizontal diaphragms, to be used in the case of stiff diaphragms.
NOTE 2	The use of stiff diaphragms is also considered by EN 1996-1-1, which makes reference to a semi-rigid analysis. 
(4) For buildings with flexible diaphragms, the members on each line of lateral resistance should be analysed by an independent model for each masonry wall, where storey shear forces may be calculated considering the tributary masses. These masses should account for the following contributions: i) the wall mass; ii) masses supported by the wall, coming from the adjacent diaphragms; iii) masses that should be transferred from the orthogonal walls, which are neglected because they are loaded out-of-plane (half of the wall parts between the two adjacent walls parallel to the considered one).
(5) The horizontal diaphragms should be verified as given in a) to d):
a) in terms of strength, in the case of rigid diaphragms;
b) in terms of strength and/or deformation, in the case of stiff diaphragms; 
c) in terms of deformation, in the case of flexible diaphragms;
d) verifications may be considered for the connections between diaphragms and walls.
(6) When horizontal diaphragms are classified as stiff, but the model does not take into account their actual stiffness, the assessment should consider the two limit cases of rigid and flexible diaphragms. The verification may then be made by a suitable combination of the results of these two models or by choosing the most conservative ones.
[bookmark: _Toc20932458][bookmark: _Toc494123212]Specific conditions for the use of the q-factor approach 
(1) [bookmark: _Toc354300361][bookmark: _Toc484692151][bookmark: _Toc475370602]The use of the q-factor approach for the global in-plane analysis of a masonry building is subject to all conditions a) to e), which are additional to 6.4.2:
a) Lateral load resisting walls are regularly arranged in both horizontal directions.
b) Walls are continuous to the top of the building.
c) Floors possess enough in-plane stiffness and are sufficiently connected to the perimeter walls to allow the assumption that they can distribute the inertia forces among the vertical members as a rigid diaphragm.
d) Floors supported on opposite sides of a wall are at the same horizontal level.
e) Spandrel members included in the model are either adequately interlocked to those of the adjacent walls or have connecting ties.
(2) The q-factor approach may be also used for the verification of single walls, in the case of flexible horizontal diaphragms.
[bookmark: _Toc494123213][bookmark: _Toc20932459][bookmark: _Toc96792639][bookmark: _Toc132813484][bookmark: _Toc119720474]Modelling and analysis of partial out-of-plane mechanisms and limit analysis
(1) Identification of mechanisms that should be verified may be based on the collection of information on the response and performance of the building in past earthquakes and the survey of crack patterns, as well as on qualitative comparison with similar structures, already damaged by earthquake.
NOTE	Pre-modern masonry buildings, in the absence of systematic tie beams at floor level, are vulnerable to collapse due to loss of equilibrium of masonry portions. Such collapses involve partial mechanisms in masonry walls, mainly of the out-of-plane type, but also kinematic mechanisms due to in-plane response, as in the case of arched systems. Information on details is particularly important, i.e.: quality of masonry, quality of interlocking between walls, presence of connections (e.g., tie rods, ring beams, etc.), in-plane strength and stiffness of horizontal structures, presence of thrusting members (e.g., arches, vaults, roof beams, etc.), interaction with adjacent buildings.
(2) Modelling of out-of-plane mechanisms may be carried out using either a) or b):
a) numerical approaches capable of simulating three-dimensional mechanisms, torsional hinges, crack creation, mechanism activation, new contact formation, as well as accounting for multiple degrees of freedom;
b) by the a-priori identification of the mechanism in terms of a single-degree-of-freedom kinematic chain of rigid blocks.
(3) Limit analysis, in particular the kinematic approach (based on the upper bound theorem), may be used to calculate the horizontal seismic action that causes loss of equilibrium.
NOTE 1	This approach assumes that masonry has sufficient resistance to attain the ultimate limit states with the formation of rigid blocks, without fragmenting into the original components (single stones and mortar pieces).
NOTE 2	Usual assumptions for modelling partial mechanisms in masonry structures using limit analysis are the following: i) negligible tensile strength of masonry; ii) absence of sliding between blocks; iii) infinite compressive strength of masonry; iv) negligible deformation (rigid blocks). However, for a more reliable modelling of the actual behaviour, it is worth considering, even in an approximate manner: i) the sliding between blocks, limited by friction; ii) the contribution of partial connections between walls; iii) the presence of specific elements that improve connections (tie rods, ring beams, link to horizontal diaphragms, etc.); iv) the limited compressive strength of masonry (assuming that the relative rotation between blocks does not occur at the edge of the cracked section but on an area of limited size – stress block).
NOTE 3	See Annex E, Figure E.4, for a flowchart concerning the application of this approach.
(4) For the seismic assessment of out-of-plane mechanisms, linear kinematic analysis may be used, based on a-priori identification of the collapse mechanism and evaluation of the horizontal seismic action that activates it (i.e. at the onset of rocking behaviour).
(5) Non-linear kinematic analysis should be used to calculate the pushover curve of the out-of-plane mechanism, i.e. the total horizontal seismic force with increasing displacements, when the mechanism is progressing towards collapse. 
(6) Non-linear response-history analysis may be used for the verification of partial out-of-plane mechanisms under the assumption of rigid blocks with no tensile strength and considering friction at the interfaces.
[bookmark: _Toc475370606][bookmark: _Toc354300362][bookmark: _Toc484692152][bookmark: _Toc494123214][bookmark: _Toc20932460][bookmark: _Toc182116547][bookmark: _Toc192644571]Linear kinematic analysis (seismic multiplier at onset of the mechanism)
(1) Linear kinematic analysis should be based on equilibrium limit analysis and includes steps a) to c):
a) for each block or member, its vertical loading (self-weight and supported loads) and the corresponding points of application should be evaluated;
b) the external and internal forces should be identified and applied;
c) a set of horizontal forces should be applied, in order to simulate the seismic action, proportional by a coefficient  to the weights in a) and also to those that are not directly supported by the blocks but whose seismic component is applied to the mechanism.
NOTE 1	An example of such component is a timber floor or roof supported only in part by the considered blocks, but can transmit a seismic load proportional to the entire mass if it is not effectively connected to other parts of the building.
NOTE 2	The partial mechanism is defined by separating the relevant masonry portion in a set of masonry blocks (usually assumed as rigid), linked together by internal constraints (hinge, double pendulum, etc.) and other connections (elastic or elastoplastic, smooth or frictional), which simulate the presence of tie rods, timber joists simply supported or linked, interlocking between orthogonal walls. Other external constraints can be used to simulate the connection of the portion under consideration with the rest of the building or adjacent structures. For the verifications, the set of blocks and constraints forms a kinematic chain with a single-degree-of-freedom and the infinitesimal motion is described by a virtual displacement (or rotation).
(2) The horizontal multiplier 0 that activates the mechanism may be obtained by Formula (11.3).
	(11.3)
where
	N
	is the number of blocks in the kinematic chain of the mechanism;

	m
	is the number of external forces, not related to the seismic action, applied to the blocks;

	Gk+EQk
	is the seismic combination of all permanent actions Gk (self-weights of the block) and quasi-permanent variable actions Qk carried by the block, applied to the k-th block at the centre of gravity of the resultant;

	E
	is defined in prEN 1998-1-2:2023, 5.1.2;

	Q1,k
	is the combination of all actions (permanent and quasi-permanent variable), not carried by the k-th block but which generate on it a horizontal inertial force proportional to , (this force is not effectively transferred to other parts of the building);

	Q2,k
	is the combination of all actions (permanent and quasi-permanent variable), applied to the k-th block, which does not generate inertial seismic forces;

	GQy,k
	is the vertical displacement of the centre of gravity of the permanent actions Gk and variable actions Qk, applied to the k-th block, taken as positive if upward, evaluated with the same infinitesimal activation of the mechanism;

	GQ1x,k
	is the horizontal displacement of the point of application of the resultant of the horizontal forces (Gk +EQk+Q1,k) applied to the k-th block, evaluated with the same infinitesimal activation of the mechanism, taking as positive in the direction of the seismic action that activates the mechanism;

	Q2,k
	is the displacement of the point of application of the variable actions Q2,k, in the direction of the force itself, evaluated with the same infinitesimal activation of the mechanism;

	Li
	is the total work produced by the internal forces in the connections between blocks (elongation of a tie rod, sliding with friction due to masonry interlocking or timber joists), for the infinitesimal activation of the mechanism.


NOTE	Formula (11.3) derives from the application of the principle of virtual work. It corresponds to the application of the upper bound (unsafe) theorem of limit analysis; therefore, the horizontal multiplier 0 does not represent a conservative estimate of the actual one at the onset of the mechanism (the multiplier 0 is correct if the correct collapse mechanism is selected).
(3) The actual multiplier should be taken as the lowest among those associated to all realistic mechanisms.
[bookmark: _Toc487011222][bookmark: _Toc475370607][bookmark: _Toc354300363][bookmark: _Toc484692153][bookmark: _Toc494123215][bookmark: _Toc20932461]Non-linear kinematic analysis (displacement capacity of the mechanism)
(1) Displacement-based assessment should be used for the verification of partial out-of-plane mechanisms by means of an incremental equilibrium limit analysis which considers geometric non-linearity and also material non-linearities, where relevant.
(2) Non-linear kinematic analysis should be carried out using steps a) to f):
NOTE	Steps a) and b) correspond to (1) and (2) in 11.3.3.1.
a) identification of the mechanism and definition of a single-degree-of-freedom system (kinematic chain), made of rigid blocks able to develop relative rotations and sliding;
b) calculation of the horizontal multiplier 0 at the onset of the mechanism, condition that corresponds to the maximum resistance, if no tie rod is present;
c) calculation of the progression of the horizontal multiplier  with the displacement dC of a control node of the kinematic chain; this may be chosen close to the centre of gravity of all masses, until the capacity of carrying horizontal actions reduces to zero (= 0);
d) identification of the ultimate displacement capacities du and du2, corresponding to a drop of the horizontal seismic multiplier equal to 40% and 60%, respectively;
e) transformation of this curve into the capacity curve of the mechanism F*(d*), which relates the force F* and displacement d* of an equivalent non-linear single-degree-of-freedom system, as defined in prEN 1998-1-1:2022, 6.5.3;
f) safety verifications by comparing displacement demand to capacity.
(3) Step c) in (2) should be implemented applying Formula (11.3) to incremental configurations of the mechanism, until a displacement dC0 is reached at which the horizontal multiplier is reduced to zero (= 0). In doing this, it should be taken into account how the internal and external forces change with the progression of the mechanism and until which value of the displacement they are active.
NOTE	The force-displacement curve in terms of α, if multiplied by the acceleration of gravity g, represents the relation between the reaction force and the displacement of the partial mechanism. Regarding the evolution of internal and external forces, relevant cases are the following: 
· if the brittle failure of the wall anchor is prevented, the tensile force in a tie rod increases until its yielding; then it remains constant up to failure of the rod (after this point the contribution of the tie rod vanishes);
· a stiff diaphragm connected to the wall exerts a restraining force that increases proportionally to the floor stiffness (reference values of the stiffness of different types of floors are given in Annex D, D.4 and Table D.4);
· the masonry interlocking between two orthogonal walls gives rise to friction forces until the complete detachment of units at bed joints;
· a floor with timber joists simply supported on the masonry provides restraining friction forces until the unthreading of the joists.
(4) If permanent and variable forces (see 11.3.3.1(2)) remain constant with the incremental evolution of the mechanism, the curve (dC) may be assumed linear until d = dC0, according to Formula (11.4).
	(11.4)
(5) The value of dC0 may be calculated by expressing analytically the geometry of the generic varied configuration, in finite displacements, as a function of the finite rotation of one of the blocks, by applying Formula (11.3) and by imposing the condition  = 0. From this equation, the rotation and, hence, the displacement dC0 may be obtained.
(6) The capacity curve F*(d*) of the partial mechanism should be defined by the transformation to an equivalent non-linear SDOF system by Formulas (11.5) and (11.6).
	(11.5)
	(11.6)
where  is the transformation factor, defined in prEN 1998-1-1:2022, 6.5.3(1); it should be calculated assuming masses concentrated at the centroids of the blocks and using for the displacement shape the displacements evaluated by an infinitesimal activation of the mechanism, normalised in such a way that the value corresponding to the control displacement is equal to 1 (prEN 1998-1-1:2022, 6.5.2(5)); in that case, the transformation factor is given by Formula (11.7).
	(11.7)
(7) A first linear branch may be added to the capacity curve obtained by applying (6), which assumes rigid behaviour before the onset of the mechanism – if necessary, assuming a value for the initial period T0 on the basis of simplified models. This first branch is given by Formula (11.8).
	(11.8)
where m* is the mass of the equivalent SDOF system, given by Formula (11.9).
	(11.9)
(8) Formula (11.8) should be used to define the linear branch of the capacity curve until the intersection (Fy, dy) with the capacity curve calculated from the non-linear kinematic analysis, as defined by Formulas (11.5) and (11.6).
NOTE	Initial rigid behaviour is, for example, a reasonable assumption in the case of out-of-plane mechanisms of portions of a façade, which do not have an independent dynamic behaviour until the onset of the mechanism. Because they are initially connected to the masonry building. In contrast, in the case of free-standing (cantilever) masonry members, such as parapets, soaring parts of the façade, pinnacles or merlons, it is necessary to consider the initial elastic dynamic response, before the onset of the mechanism, even if it is often characterised by a low period of vibration.


Figure 11.2 — Capacity curve for partial mechanisms, from non-linear kinematic analysis (constant forces)
[bookmark: _Toc20932462][bookmark: _Toc96792640][bookmark: _Toc132813485][bookmark: _Toc119720475]Modelling of in-plane response of masonry infills in framed buildings
(1) Masonry infills in RC and steel buildings may be modelled by means of an equivalent strut approach.
NOTE	Single concentric struts (i.e. framing into beam-column joints) can be used to model the effect on global deformation and distribution of action effects on structural members but cannot predict increase in shear demand in adjoining columns or beams. If single concentric struts are used and there is concern about possible shear failure of the adjacent framing members due to the increased demand, the latter can be evaluated approximately projecting strut forces (see prEN 1998-1-2:2023, 7.4.2.5).
(2) If non-linear analysis is undertaken, two compression-only single equivalent struts per infill panel should be used. The backbone curve of each strut may be taken as trilinear, with a first branch up to cracking, defined at 40% of peak strength, a second up to peak strength and the last one up to collapse, where panel shear is taken equal to zero.
(3) For masonry infills without openings, panel drifts at cracking, peak strength and collapse should be taken from Table 11.2, while peak shear strength should be calculated using Formula (11.10).
	(11.10)
where
	t
	is the infill panel thickness;

	l
	is the infill panel (horizontal) length;

	p
	in MPa, is given by Formula (11.11).


	(11.11)
where fm is the compressive strength of the infill panel masonry, in MPa. EN 1996-1-1 can be used to estimate fm for buildings of modern technology; in the case of masonry buildings made of masonry units and materials not conforming with EN 1996-1-1, reference may be made to Annex D.
NOTE	Masonry infills can fail in diagonal tension, diagonal compression, sliding shear, or corner crushing. Formula (11.11) relates approximately shear stress at failure with compressive strength covering all four possible failure modes.
Table 11.2 — Values of drift at cracking, peak resistance and collapse for masonry infills
	Drift
	Clay
	Non-clay

	
	S/H
	V
	S/H
	V

	Cracking  40%
	0,00025
	0,00025
	0,00025
	0,00025

	Peak  p
	0,00290
	0,00570
	0,00440
	0,00870

	Collapse  c
	0,03400
	0,03700
	0,03600
	0,04000

	S = solid brick, H = hollow brick laid with horizontal holes, V = hollow brick laid with vertical holes


(4) Masonry infill panels with openings should have a reduced shear strength that may be evaluated as the product of (11.10) and the factor op given by Formula (11.12).
	(11.12)
where
	a
	= loho/lh is the percent ratio of opening to panel area;

	l
	= lo/l is the percent ratio of opening to panel length;


and coefficients given for unreinforced, partially reinforced and reinforced openings (see Figure 11.3) in Table 11.3.
Table 11.3 — Coefficients to evaluate reduction of infill panel strength due to openings through Formula (11.12)
	Type of opening
	a
	b
	c
	d

	Non reinforced
	0,55
	-0,035
	0,44
	-0,025

	Partially reinforced
	0,58
	-0,030
	0,42
	-0,020

	Reinforced
	0,63
	-0,020
	0,40
	-0,010




Figure 11.3 — Types of reinforcing of openings in masonry infill panels
(5) Panel drifts and strength values should be converted to axial deformation and force values as a function of the inclination of the strut.
[bookmark: _Toc96792641][bookmark: _Toc20932463][bookmark: _Toc132813486][bookmark: _Toc119720476]Resistance models for assessment
[bookmark: _Toc475370609][bookmark: _Toc354300365][bookmark: _Toc484692155][bookmark: _Toc494123217][bookmark: _Toc20932464][bookmark: _Toc96792642][bookmark: _Toc132813487][bookmark: _Toc119720477][bookmark: _Toc491327197]Resistance models for in-plane loaded masonry members
[bookmark: _Toc475370610][bookmark: _Toc354300366][bookmark: _Toc484692156][bookmark: _Toc494123218][bookmark: _Toc20932465]In-plane shear resistance of masonry members
[bookmark: _Toc494123219]NOTE	Failure criteria for the in-plane shear resistance of masonry walls, for piers and spandrels, depending on regular and irregular masonry type, in modern or pre-modern masonry buildings, are summarised in Annex E, Table E.1.
[bookmark: _Toc20932466]General
(1) The shear resistance of members in unreinforced masonry buildings of modern technology should be calculated using EN 1996-1-1, even if they were originally built without an engineering design. In addition to the shear failure mode (EN 1996-1-1), the possible failure under axial force and bending should be considered.
(2) In the case of pre-modern masonry buildings, made of masonry units not conforming with the types specified in EN 1996-1-1, the failure mode of diagonal cracking should also be considered.
NOTE	In the following clauses, failure criteria for masonry members (piers and spandrels) are provided in terms of generalised forces: axial force N, shear force V and bending moment M. Failure criteria of EN 1996-1-1, recalled in (1) and (2), are sometimes expressed in terms of local stresses per unit area or unit length, but are equivalent; see also EN 1996-1-1.
(3) The maximum shear VR that can develop in an unreinforced masonry member should be taken as the minimum among those defined by considering three possible alternative failure modes: flexure Vf (11.4.1.1.2), shear sliding Vs (11.4.1.1.3) and diagonal cracking Vd (11.4.1.1.4).
NOTE	Failure criteria for calculating the pertinent shear strengths are provided with a distinction between piers and spandrels and considering a basic classification of masonry typology: i) regular masonry (arranged through horizontal layers of units, rectangular shaped, and stair-stepped mortar joints); ii) irregular masonry (in all other cases).
(4) The shear resistance of members in reinforced masonry buildings should be calculated using EN 1996-1-1, by adding the contribution of the shear reinforcement to the resistance evaluated for the member considered as made of unreinforced masonry. For flexure, the shear resistance should be evaluated according to EN 1996-1-1.
(5) The shear resistance of members in confined masonry buildings should be calculated using EN 1996-1-1. Specifically: i) for flexure, the contribution of the confining member in compression should be neglected; ii) for shear (shear sliding and/or diagonal cracking), the contribution of the shear resistance of the concrete section should be added (neglecting the steel reinforcement).
(6) Once the shear VR is obtained as the minimum among the possible failure modes, the piecewise linear force-deformation relationship should be defined in terms of shear force and drift ratio for the three relevant damage levels, defined in 11.3.2.1(4). Member drift ratio e should be defined as given by Formula (11.13).
	(11.13)
where
	ui(j)
	is the lateral displacement at the end section i(j);

	h
	is the length of the masonry member (pier or spandrel);

	ri(j)
	is the rotation at the end section i(j), assumed positive if counter-clockwise, when (uj – ui)/h is positive clock-wise.


(7) If the minimum shear resistance differs from the one provided by another failure criterion by less than 10%, in order to consider the actual joint presence of both failure modes and to avoid sudden discontinuity between the two during the incremental analysis, a hybrid mode of failure may be considered, by using a force-deformation relationship in which drift thresholds and strength degradation values result from interpolation between values associated with the two corresponding failure mechanisms.
NOTE	Annex D, D.5, presents a procedure for the determination of the force-deformation relationship in the case of hybrid failure modes. The need to consider these hybrid modes is not related to the (small) differences in strength, but to the deformation capacity (drift) where the differences are quite substantial.
[bookmark: _Toc475370611][bookmark: _Toc354300367][bookmark: _Toc484692157][bookmark: _Toc20932467][bookmark: _Toc494123220]Members failing in flexure
NOTE	Flexural failure criteria, related to axial force and bending in the masonry member, are different in piers and in spandrels as indicated in the following.
(1) The shear force corresponding to flexural failure of an unreinforced masonry pier should be taken as the minimum between those evaluated at the two end sections, using Formula (11.14).
	(11.14)
where
	D
	is the in-plane horizontal dimension of the wall (depth), which is the length in the case of piers;

	H0
	is the distance between the section where the flexural resistance is attained and the contraflexure point;

	N
	is the rotation at the end section i(j), assumed positive if counter-clockwise, when (uj – ui)/h is positive clock-wise;

	ν
	= N/(Dtf) is the normalised axial load, where f is the mean compressive strength of masonry as obtained from in situ tests and from additional sources of information (see 11.2);

	t
	is the wall thickness;

	f
	is the factor defining the equivalent rectangular stress block (as per 5.8.1 of EN 1996-1-1:2022, for modern masonry; in the case of pre-modern masonry, it can be assumed equal to 0,85).


(2) The shear force corresponding to flexural failure of a reinforced masonry pier should be taken as the minimum between those at the two end sections as calculated according to EN 1996-1-1.
(3) The shear force corresponding to flexural failure of a confined masonry pier should be calculated as given in EN 1996-1-1, neglecting, in the sectional analysis, the contribution of the confining member in compression.
(4) In unreinforced masonry spandrels, the shear force corresponding to flexural failure may be calculated through a section analysis assuming a limited local horizontal tensile strength fht at the end sections of the spandrels, due to the interlocking with the adjacent nodes. Two possible tensile failure mechanisms may be considered for the masonry material in each point of the section: the rupture of units due to horizontal tensile stresses and the shear sliding with friction on the horizontal mortar joints, in the overlapping length between the units. The horizontal tensile strength fht of masonry may be taken from Formula (11.15).
	(11.15)
where
	fbt
	is the tensile strength of the units;

	fv0
	is the initial shear strength of masonry, defined in EN 1996-1-1, assumed here as representative of the cohesion of the mortar joint (this contribution may be neglected);

	y
	is the mean vertical compressive stress acting on the horizontal joints at the end sections of the spandrel (in the absence of detailed evaluations, it may be taken as half of the mean normal stress on the two adjacent masonry piers);

	j
	is the local friction coefficient on the mortar joint, which may be taken equal to 0,6;

	
	is an interlocking coefficient, theoretically defined, for a regular pattern masonry, as the ratio between the height of the masonry units and the length of overlapping between them; operationally, in actual masonry, this parameter may be obtained from in situ inspection of the masonry by estimating the tangent of the average inclination of the possible stair-stepped cracks.


NOTE	The failure domain V-N of an unreinforced masonry spandrel controlled by flexure is different from the one in (2). It can be evaluated by assuming plane sections with elastoplastic stress-strain relationships in compression (adopting the horizontal compressive strength of masonry fh, introduced in Formula (11.17)) and brittle or elastoplastic stress-strain relationships in tension. 
(5) The shear force corresponding to flexural failure of spandrels should be obtained by a) or b), as appropriate, assuming N equal to zero, unless the structural model is able to accurately estimate the axial force N in spandrels:
NOTE	see NOTE in 11.3.1(2).
a) If the horizontal tensile strength fht of masonry is due to the rupture of units, the resulting quasi-brittle behaviour of masonry may be assumed as linear up to the shear force corresponding to flexural failure, given by Formula (11.16).
	(11.16)
where
	D
	in the case of a spandrel, is the depth of the section of the masonry beam in the vertical direction;

	t
	is the wall thickness;

	H0
	is the distance between the section where the flexural resistance is attained and the contraflexure point, which may be assumed equal to half of the span of the spandrel;

	f
	is the factor defining the equivalent rectangular stress block (as per 5.8.1 of EN 1996-1-1:2022 for modern masonry; in the case of pre-modern masonry, it can be assumed equal to 0,85).


b) When the horizontal tensile strength fht is dominated by sliding along the interlocking joints, a ductile behaviour may be assumed, both in tension and in compression. The shear force corresponding to flexural failure should be taken from Formula (11.17).
	(11.17)
where fh is the horizontal compressive strength of masonry, which (in the absence of more accurate evaluations) may be taken as half of the vertical compressive strength f.
NOTE	Reference values for the vertical compressive strength f are given in Annex D, Table D.1.
(6) [bookmark: _Ref63612612]In spandrels coupled with horizontal members capable of resisting tensile forces, such as tie rods or ring beams, the shear force at flexural failure of an unreinforced masonry spandrel should be taken as the maximum between the one calculated in (5) and the value given by Formula (11.18).
	(11.18)
where
	D, H t and ηf
	are defined in (5);

	NS
	is the minimum between the tensile resistance of the horizontal member attached to the spandrel and the compressive resistance of the diagonal masonry strut (formed due to the presence of the attached tensile resistant member), which may be taken equal to 0,4htfh.


NOTE	When flexural failure occurs (opening of vertical cracks at the end sections, with global axial extension), due to the presence of coupled horizontal members, the compressive axial force in the spandrel increases, improving shear resistance.
(7) In the case of reinforced masonry spandrels, the shear force at flexural failure should be calculated according to (6), due to the presence of a reinforced concrete ring beam. If horizontal reinforcement is present, its effect may be calculated considering EN 1996-1-1; the resistance may be taken as the maximum between this value and the one obtained from Formula (11.18).
(8) In confined masonry spandrels, the shear force at flexural failure should be calculated as for unreinforced masonry, applying (4), (5) and (6).
(9) The partial factor Rd accounting for uncertainty in the resistance (strength), should be evaluated by considering the dispersion of all parameters involved in Formulas (11.14), (11.16), (11.17) and (11.18). Values in Table 11.4 may be used for the different Knowledge Levels of KLM (and, in one case, of KLD as well).
NOTE	The dependence of Rd on KLG and KLD is relatively small and can be ignored.
Table 11.4 — Values for partial factor Rd accounting for uncertainty in the resistance (strength) of members failing in flexure 
	Formula (11.14) – flexural failure of unreinforced masonry (URM) piers

	KLM
	1
	2
	3

	Rd
	2,15
	1,85
	1,65

	Formula (11.16) – flexural failure of URM spandrels (failure of units)

	KLM
	1
	2
	3

	Rd
	2,20
	1,85
	1,60

	Formula (11.17) – flexural failure of URM spandrels (failure of mortar joints)

	min(KLD, KLM)
	1
	2
	3

	Rd
	1,75
	1,60
	1,50

	Formula (11.18) – flexural failure of spandrels coupled with horizontal members

	KLM
	1
	2
	3

	Rd
	2,40
	2,00
	1,60


[bookmark: _Toc475370612][bookmark: _Toc354300368][bookmark: _Toc484692158][bookmark: _Toc494123221][bookmark: _Toc20932468]Members failing by shear sliding
(1) Failure by shear sliding should be considered for masonry buildings of modern technology according to EN 1996-1-1. The shear strength of masonry fv should be obtained from characteristic values provided in EN 1996-1-1, as appropriate for masonry with filled and unfilled vertical joints.
(2) In the case of pre-modern masonry buildings, made of masonry units not conforming with the types prescribed in EN 1996-1-1, shear sliding should be considered only for masonry piers and in the case of regular masonry (see 11.4.1.1.1(3)).
(3) The shear force corresponding to shear sliding of an unreinforced masonry pier should be the minimum between those calculated through Formula (11.19) at the two end sections of the panel, each one under an axial load N.
	(11.19)
where
	D´
	is the depth of the compressed area at the end section of the pier;

	t
	is the wall thickness;

	fv0
	is the shear strength in the absence of vertical load, introduced in 11.4.1.1.2(5);

	
	is the masonry friction coefficient, which may be assumed equal to 0,5;


NOTE	This value comes from the characteristic one, equal to 0,4 in EN 1996-1-1, divided by 0,8 in order to obtain the mean value, according to EN 1052-3:2002, 10.
	Vs,units
	is the limit on Vs due to the failure of masonry units, which may be taken equal to 0,065fbd't;

	fb
	is the normalised compressive strength of the units (see EN 1996-1-1).


(4) The shear resistance of members in reinforced masonry buildings should be calculated using EN 1996-1-1, for masonry piers, and, for spandrels, by adding the contribution of the shear reinforcement (if present) to the one calculated for the member considered as made of unreinforced masonry.
(5) The shear force corresponding to shear sliding of a confined masonry pier should be evaluated according to EN 1996-1-1, by adding to the shear strength of the member considered as unreinforced (3), the contribution to the shear resistance of the concrete section only (neglecting the steel reinforcement).
(6) The partial factor Rd accounting for uncertainty in the resistance (in terms of strength), should be calculated by considering the dispersion of all parameters involved in Formula (11.19). Values in Table 11.5 may be used for the different Knowledge Levels of KLM.
NOTE	The dependence of Rd on KLG and KLD is relatively small and can be ignored.
Table 11.5 — Values of partial factor Rd accounting for uncertainty in the resistance (strength) for members failing by shear sliding 
	Formula (11.19) – shear sliding of unreinforced masonry (URM) piers

	KLM
	1
	2
	3

	Rd
	1,65
	1,50
	1,35


[bookmark: _Toc483244041][bookmark: _Toc483245083][bookmark: _Toc483246175][bookmark: _Toc484517581][bookmark: _Toc484692159][bookmark: _Toc484693200][bookmark: _Toc484694293][bookmark: _Toc484700133][bookmark: _Toc486860780][bookmark: _Toc486926160][bookmark: _Toc486967368][bookmark: _Toc487011229][bookmark: _Toc483244042][bookmark: _Toc483245084][bookmark: _Toc483246176][bookmark: _Toc484517582][bookmark: _Toc484692160][bookmark: _Toc484693201][bookmark: _Toc484694294][bookmark: _Toc484700134][bookmark: _Toc486860781][bookmark: _Toc486926161][bookmark: _Toc486967369][bookmark: _Toc487011230][bookmark: _Toc475370613][bookmark: _Toc354300369][bookmark: _Toc484692161][bookmark: _Toc494123222][bookmark: _Toc20932469]Members failing by diagonal cracking
(1) Failure by diagonal cracking should be considered in pre-modern masonry buildings, made of masonry units not conforming to the types prescribed in EN 1996-1-1. The shear force corresponding to diagonal cracking of an unreinforced masonry wall should be calculated at the middle section of the panel. Different failure criteria should be used for regular and irregular masonry (see 11.4.1.1.1(3)).
(2) The shear strength of irregular masonry piers and spandrels controlled by diagonal cracking should be taken from Formula (11.20).
	(11.20)
where
	D
	is the in-plane wall depth (length of piers, depth of spandrels);

	t
	is the wall thickness;

	b
	is a correction coefficient accounting for the shear stress distribution in the middle section of the panel and depending on the aspect ratio of the panel; it may be taken as b = h/D, but not greater than 1,5 nor lower than 1, where h is the other dimension of the panel;

	0
	may be taken equal to:
· for piers, the mean vertical stress in the transverse section of the panel, equal to N/Dt, where N is the axial force at the centre of the panel;
· for spandrels, zero, unless accurate evaluations are made, taking it as the greater between the mean horizontal stress (considered only if the model is able to estimate the axial force, analogously to 11.4.1.1.2(6)) and the vertical stress, calculated by considering the distributed dead load possibly transferred from the horizontal diaphragms and/or the vertical stresses induced by the adjacent piers;

	ft
	is the diagonal tensile strength of masonry, as obtained from in situ tests or from additional sources of information (when diagonal compressive tests are used, the diagonal tensile strength is given by ft = Fu/t(D+h), where Fu is the diagonal force at failure).


(3) The shear strength of regular masonry piers and spandrels controlled by stair-stepped diagonal cracking should be taken from Formula (11.21).
	(11.21)
where
	, 
	are the equivalent shear strength, in the absence of axial loads, and the equivalent friction coefficient, related to the local mechanical properties of the mortar joint (fv0 and j) and the interlocking coefficient, defined as the ratio between the height of the unit and the length of overlapping between units (tangent of the average inclination of the stair-stepped crack, estimated after a direct survey of the masonry). In the absence of accurate evaluations, the local friction coefficient j may be assumed equal to 0,6;

	0
	is as in (2);

	Vd,lim
	is related to the failure of units and may be calculated from Formula (11.22).


	(11.22)
where fbt is the tensile strength of units, which may be obtained from available data or direct tests in laboratory, on specimens taken in situ, or by correlation with the compressive strength of units given by fbt = 0,1 fb.
(4) The shear force corresponding to diagonal cracking of confined masonry piers and spandrels should be calculated, according to EN 1996-1-1, by adding the contribution to shear resistance of the concrete section only (neglecting the steel reinforcement) and the shear strength of the member considered as made of unreinforced masonry, from (2) and (3), in the case of irregular and regular masonry respectively.
(5) The partial factor Rd accounting for uncertainty in the resistance, should be evaluated by considering the dispersion of all parameters involved in Formulas (11.20), (11.21) and (11.22). Values in Table 11.6 may be used for the different Knowledge Levels of KLM.
NOTE	The dependence of Rd on KLG and KLD is comparatively small and can be ignored.
Table 11.6 — Values of partial factor Rd accounting for uncertainty in the resistance (strength) for members failing due to diagonal cracking 
	Formula (11.20) – diagonal cracking of unreinforced irregular masonry

	KLM
	1
	2
	3

	Rd
	1,55
	1,45
	1,35

	Formulas (11.21) and (11.22) – diagonal cracking of unreinforced regular masonry

	KLM
	1
	2
	3

	Rd
	1,70
	1,55
	1,40


[bookmark: _Toc475370614][bookmark: _Toc354300370][bookmark: _Toc484692162][bookmark: _Toc494123223][bookmark: _Toc20932470]In-plane deformation capacities of masonry members
[bookmark: _Toc494123224]NOTE	In-plane deformation capacities of masonry walls, for piers and spandrels, depending on regular and irregular masonry type, in modern or pre-modern masonry buildings, are summarised in Annex E, Table E.2.
[bookmark: _Toc20932471]General
(1) The deformation capacities, in terms of drift ratio, of unreinforced masonry piers and spandrels should be taken as given in 11.4.1.2.2, 11.4.1.2.3 and 11.4.1.2.4, for members failing in flexure, shear sliding and diagonal cracking respectively.
(2) The deformation capacities of reinforced masonry and confined masonry piers and spandrels should be obtained by amplifying the ones for unreinforced masonry by a factor of 4/3, provided that details are compatible with those in EN 1996-1-1 for reinforced masonry and for confined masonry.
(3) The partial factor Rd accounting for uncertainty in the resistance (expressed in terms of deformation), is given in Table 11.7, as a function of the minimum Knowledge Level between KLG and KLD; it should be used for piers and spandrels, failing in flexure, shear sliding or diagonal cracking, in unreinforced, reinforced or confined masonry buildings.
NOTE	Available experimental tests are not enough to quantify the dependence of Rd on KLM.
Table 11.7 — Values of partial factor Rd accounting for uncertainty in the resistance (deformation) of unreinforced, reinforced and confined masonry members
	min (KLG, KLD)
	1
	2
	3

	Rd
	1,85
	1,75
	1,70


[bookmark: _Toc475370615][bookmark: _Toc354300371][bookmark: _Toc484692163][bookmark: _Toc494123225][bookmark: _Toc20932472]Members failing in flexure
(1) The ultimate displacement capacity of an unreinforced masonry pier controlled by flexure should be expressed in terms of the drift at which the chord rotation i(j) at the lower i end section (or upper j end section) where the flexural resistance corresponding to f,u = 0,01(1-ν) is attained, where ν is the normalised axial load defined in 11.4.1.1.2(2). The chord rotation should be taken as given by Formulas (11.23) and (11.24).
	(11.23)
	(11.24)
where
	u0
	is the transverse displacement at the contraflexure point;

	ri(j)
	is the rotation at the lower(upper) end section i(j), assumed as positive counter-clockwise, when uj-ui, uj-uo, uo-ui are positive clockwise;

	Hi(j)
	is the distance between the section i(j) and the contraflexure point (Hi + Hj = H, where H is the height of the pier).


(2) The ultimate displacement capacity of an unreinforced masonry spandrel controlled by flexure should be expressed in terms of the drift at which the chord rotation i(j) at the end section where the flexural resistance corresponding to f,u is attained. f,u is given in a) or b), as appropriate:
a) f,u = 0,016 if there is a member able to resist tensile actions coupled to the spandrel and the lintel is effective (resistant in flexure – i.e. not a masonry arch – and well supported on masonry piers);
b) f,u = 0,012 in all other cases.
Considering that the contraflexure point in spandrels is usually very close to the middle section, the chord rotation may be expressed by the drift ratio defined in Formula (11.13).
NOTE	The behaviour of masonry spandrels is strongly affected by the presence of coupled members, such as a tie rod or a ring beam, and the characteristics of the lintel. The lintel is effective when: i) it is able to support through flexure the dead loads transmitted by the spandrel; ii) it is well seated on the masonry piers at the two ends. Masonry arch lintels are usually characterised by a poor behaviour.
(3) The deformation capacity f,u2 of masonry piers and spandrels controlled by flexure (see Figure 11.4a) should be expressed in terms of drift ratio and be taken equal to 4/3 of the values in (1) and (2), respectively (f,u2 = 4/3f,u).
(4) For piers, the reduced shear force corresponding to f,u2 may be assumed to be 90% of the shear resistance for regular masonry and 80% for irregular masonry. This shear force may be taken as residual strength, also after the deformation f,u2.
(5) For spandrels, the reduced shear force corresponding to f,u2 may be assumed to be 90% of the shear resistance if there is an member able to resist tensile actions coupled to the spandrel and the lintel is effective (see (2)a), and 80% in all other cases. This shear force may be taken as residual strength, also after the deformation f,u2.


Key
	A
	irregular masonry pier/unconfined spandrel

	B
	regular masonry pier/confined spandrel with effective lintel


Figure 11.4 — Force-deformation relationship of masonry members 
due to flexure: (a) piers; (b) spandrels
[bookmark: _Toc475370616][bookmark: _Toc354300372][bookmark: _Toc484692164][bookmark: _Toc494123226][bookmark: _Toc20932473]Members failing by shear sliding
(1) The ultimate deformation capacity of an unreinforced masonry pier controlled by shear sliding should be expressed in terms of the chord rotation at the end section where the mechanism occurs and is taken equal to a) or b), as appropriate:
a) in pre-modern masonry buildings: s,u = 0,008, unless the shear strength of the panel due to the failure of masonry units Vs,units is attained (see Formula (11.19)), in which case s,u = 0,005;
b) in modern masonry buildings (hollow units): the limit threshold should be limited to d,u = 0,004.
(2) The deformation capacity s,u2 of an unreinforced masonry pier controlled by shear sliding (see Figure 11.5) should be expressed in terms of drift ratio and taken as 4/3 of the values in (1) (s,u2 = 4/3s,u).
(3) The reduced shear force corresponding to s,u2 in a pier is a fraction of the shear resistance, proportional to the level of compression. Its value may be directly obtained from Formula (11.19), neglecting the contribution of fv0. This shear force may be taken as residual strength after s,u2. If in 11.4.1.1.3(3) the shear strength Vs is given by the limit Vs,units, the residual strength should be taken as half of the reduced shear force corresponding to s,u2.


Figure 11.5 — Force-deformation relationship of regular masonry member due to shear sliding
[bookmark: _Toc475370617][bookmark: _Toc354300373][bookmark: _Toc484692165][bookmark: _Toc494123227][bookmark: _Toc20932474]Members failing due to diagonal cracking
(1) The ultimate displacement capacity of an unreinforced masonry pier or spandrel controlled by diagonal cracking should be expressed in terms of drift ratio, by considering a representative measure for the entire panel defined as the average chord rotation of the two end sections, which may be approximated by the drift ratio defined in Formula (11.13). The limit threshold should be d,u = 0,006 for regular (stair-stepped joints) and d,u = 0,005 for irregular masonry.
(2) The deformation capacity d,u2 of unreinforced masonry piers and spandrels controlled by diagonal cracking (Figure 11.6a) should be expressed in terms of drift ratio and taken as 4/3 of the value in (1) (d,u2 = 4/3d,u).
(3) The reduced shear force corresponding to d,u2 in a pier may be taken as 50% of the shear resistance for regular masonry and 30% for irregular masonry. After d,u2 the pier should be considered as still able to support vertical gravity loads with a residual shear force of 20% of the shear resistance, for regular masonry, and without residual shear force, for irregular one.
(4) The reduced shear force corresponding to d,u2 in a spandrel should be taken as a fraction of the shear resistance, which is primarily related to the type of lintel, according to a) to c):
a) 60% for lintels made of reinforced concrete or steel profile (provided that they are well supported on the masonry);
b) 40% for timber lintels (not deteriorated and well supported);
c) 10% for masonry arches (or ineffective lintels).
These values may be considered as residual shear force.


Key
	A
	irregular masonry pier/timber lintel

	B
	regular masonry pier/reinforced concrete or steel lintel

	C
	hollow units masonry pier/masonry arch lintel

	D
	hollow units masonry spandrel


Figure 11.6 — Force-deformation relationship of masonry member controlled by diagonal cracking: (a) piers; b) spandrels
[bookmark: _Toc330368555][bookmark: _Toc475370618][bookmark: _Toc354300374][bookmark: _Toc484692166][bookmark: _Toc487011236][bookmark: _Toc494123228][bookmark: _Toc20932475][bookmark: _Toc96792643][bookmark: _Toc132813488][bookmark: _Toc119720478]Resistance models for the assessment of partial out-of-plane mechanisms
(1) The three limit states which should be considered for partial out-of-plane mechanisms of parts of the masonry building that are affected by loss of equilibrium due to out-of-plane failure are: 1) Damage Limitation (DL), which should be identified with the onset of loss of static equilibrium; 2) Significant Damage (SD), which should be identified with rocking behaviour far from collapse; and 3) Near Collapse (NC).
(2) The Limit State of Damage Limitation (DL) may be checked by considering the resistance to the activation of the mechanism in the equivalent SDOF system defined in 11.3.3.2(5), as obtained by the limit equilibrium analysis, considering the kinematics of rigid blocks and appropriate internal and external constraints. 
(3) Under the assumption that the blocks behave as rigid until the onset of the mechanism, the force in the equivalent SDOF system at DL Limit State should be a function of the initial horizontal multiplier 0, as given by Formula (11.25).
	(11.25)
(4) If the local mechanism is characterised by a non-negligible elastic deformation before the onset of rocking, a reference period of vibration T0 may be assumed. The force in the equivalent SDOF system at DL Limit State should be taken as given by Formula (11.26).
	(11.26)
where dDL is the displacement at the intersection between the two branches of the capacity curve, as given by Formulas (11.3), (11.4) and (11.6). As indicated in Eq. (11.26), the value of  may be approximated by the one given by Eq. (11.25)
NOTE	This approximation is appropriate for free-standing (cantilever) masonry elements (e.g. parapets, soaring portions of façades, pinnacles, merlons, etc.).
(5) The limit states of Significant Damage (SD) and Near Collapse (NC) should be defined in terms of displacement on the capacity curve obtained by an incremental limit equilibrium analysis by considering geometric, as well as material, non-linearities where relevant, up to the point where the horizontal seismic multiplier has dropped to zero, representative of the condition of limit equilibrium under gravity loads. In particular, the thresholds of the displacement d* of the equivalent SDOF system should be defined by the conditions in a) or b):
a) SD: the displacement dSD should be taken as the lowest of:
40% of displacement d0 (displacement du in 11.3.3.2(4) and Figure 11.2) at which the force F* becomes zero (see 11.3.3.2(4) and (5), Formulas (11.4) and (11.6)); 
the displacement corresponding to failure of elements such as tie rods or other relevant connection means, without inducing instability but causing a reduction of the maximum lateral force resistance greater than 50%.
b) NC: the displacement dNC should be taken as the lowest of:
1. 60% of displacement d0 (displacement du2 in 11.3.3.2(4) and Figure 11.2) at which the force F* becomes zero;
the displacement corresponding to failure conditions which jeopardise the stability of adjacent members (e.g. the unthreading of joists, with the consequent collapse of the floor, or the collapse of a vault).
In all cases, dSD should not be higher than dNC.
[bookmark: _Toc96792644][bookmark: _Toc132813489][bookmark: _Toc119720479]Verification of limit states
[bookmark: _Toc20932477][bookmark: _Toc96792645][bookmark: _Toc132813490][bookmark: _Toc119720480]Verification of global in-plane response of masonry walls 
NOTE	A flowchart which describes the possible alternative options for seismic analysis and verification of masonry buildings is given in Annex F, Figure F.5.
General
(1) Resistances should be given in terms of shear strength (11.4.1.1) and deformation capacity (11.4.1.2) of masonry members, namely piers (vertical) and spandrels (horizontal) (see summary tables in Annex E, E.1 and E.2).
NOTE 1	The seismic action effects can be directly obtained from the equivalent frame model, by means of linear or non-linear methods of analysis. Other models can be adopted (see 11.3.1(5)), in particular when the pattern of openings is not regular.
NOTE 2	Due to the simplifying assumptions adopted in equivalent frame models, which consider rigid nodes of finite dimensions, the results of linear analyses, in particular modal response spectrum analysis, are not always accurate for the estimation of seismic action effects in single members. By contrast, non-linear analysis allows force redistribution and is more reliable for the verification of ultimate limit states. For these reasons, if linear analysis is used, single members can be found not to satisfy the local verification criteria for values of the seismic action that are significantly lower than the seismic action that corresponds to the attainment of the ultimate limit state condition. Therefore, non-linear methods are preferred to linear ones. In non-linear static analysis, verification in global (structural-system) terms (6.7.3.3) is preferred to verifications in local (member-level) terms (6.7.3.2).
(2) The Damage Limitation limit state should be verified on the basis of the elastic limit of structural members.
NOTE	All walls can be considered as structural members; it is not possible to define values of drift limits for ancillary components (see 4.2.3.4) of general validity. Indeed, in masonry buildings, DL conditions are attained for different values of the interstorey drift, depending on the strength and stiffness of masonry, as well as the aspect ratio of masonry walls.
(3) [bookmark: _Toc494123230][bookmark: _Toc353689865][bookmark: _Toc354300389]For buildings that may be classified as “simple masonry buildings” according to prEN 1998-1-2:2023, 14.8, an explicit safety verification may be omitted.
[bookmark: _Toc484692169][bookmark: _Toc494123231][bookmark: _Toc20932478]Verification of SD limit state by the q-factor approach 
(1) The verification should be made using Formula (11.27) in terms of forces in all masonry members:
	(11.27)
where
	Sd
	should be taken from 4.2.2(5);

	VR
	is the shear strength, defined as the minimum among the possible failure modes according to 11.4.1.1;

	Rd
	is given in Table 11.4, Table 11.5 or Table 11.6, depending on the shear failure criterion, as a function of the relevant KL;

	V
	is the shear force from the analysis at the SD limit state.


NOTE	Shear force demands can be redistributed among the members in the wall or even between different walls provided that the conditions of prEN 1998-1-2:2023, 14.5.3(3) to (9), are met.
[bookmark: _Toc353689852][bookmark: _Toc354300376][bookmark: _Toc484692170][bookmark: _Toc494123232][bookmark: _Toc20932479]Verification through linear analysis
[bookmark: _Toc494123233][bookmark: _Toc20932480]General
(1) In application of 6.5.2.2(1), in the case of SD and NC limit states, all masonry members should be verified by checking from the result of linear elastic analysis whether shear resistance is reached (6.4.1(1) – identification of critical zones) and to which failure criteria (11.4.1.1) it corresponds. In critical zones, a) and b) should be verified:
a) the deformation demand, multiplied by factor Sd, should be lower than the corresponding deformation capacity (11.4.1.2), calculated using the factor Rd;
b) max/min should not exceed 2,5 (6.7.2(3)).
(2) If the predominant period T1 in the direction considered is shorter than the characteristic period TC of the response spectrum, the deformation demands should be amplified by the factor fLS defined by Formula (11.28).
	(11.28)
where uLS is the limit value of the ratio u between the spectral acceleration causing yielding of the equivalent SDOF model and the spectral acceleration seismic action effect, and may be assumed equal to 0,33 for SD and 0,25 for NC.
Limit state of Near Collapse
(1) 11.5.1.3.3(1) should be applied, but using as V the shear force demand from the analysis at the NC limit state.
(2) 11.5.1.3.3(2) should be applied, but using as  the deformation seismic action effect (drift ratio) obtained from the analysis at the NC limit state, fNC from Formula (11.28) instead of fSD and the drift ratio NC = u2 at the NC limit state instead of SD.
(3) 11.5.1.3.3(3) should be applied.
Limit state of Significant Damage
(1) For each masonry member, the failure mechanism should be identified (the member is in the critical zone) as the one with the minimum shear strength (11.4.1.1.1(3)) that meets Formula (11.29).
	(11.29)
where:
	VR
	is the shear strength, defined as the minimum among the possible failure modes according to 11.4.1.1;

	Rd
	is given in Table 11.4, Table 11.5 or Table 11.6, as a function of KLM (and possibly KLD), depending on the criterion for shear failure;

	V
	is the shear force effect obtained from the analysis at the SD limit state.


(2) For all masonry members in critical zones, the corresponding deformation capacity should be considered in terms of drift ratio SD, defined in terms of the drift ratios y and u2 given in 11.4.1.2.2, 11.4.1.2.3 or 11.4.1.2.4, according to prEN 1998-1-1:2022, 6.7.2(3), using the γRd factor given in Table 11.7. For all members, the inequality of Formula (11.30) should be satisfied.
	(11.30)
where
	Rd
	should be taken from Table 11.7;

	fSD
	is given by Formula (11.28);

	
	is the deformation demand (drift ratio) from the analysis at the SD limit state.


(3) It should be checked that max/min does not exceed 2,5 (6.7.2(3)).
[bookmark: _Toc353689853][bookmark: _Toc354300377][bookmark: _Toc484692171][bookmark: _Toc494123234][bookmark: _Toc20932481]Limit state of Damage Limitation
NOTE	DL limit state is verified when there is no critical zone in the building.
(1) Shear force demands may be redistributed among the members in the wall or between different walls provided that the conditions of prEN 1998-1-1:2022, 14.5.3, are satisfied.
(2) To ensure that the structure remains in the elastic domain, the verification should be made by checking Formula (11.31) for all members:
	(11.31)
where
	VR
	is the shear strength, defined as the minimum among the possible failure modes according to 11.4.1.1;

	Rd
	is given in Table 11.4, Table 11.5 or Table 11.6, as a function of KLM (and possibly KLD), depending on the criterion for shear failure;

	V
	is the shear force obtained from the analysis for the seismic action associated with the DL limit state.


[bookmark: _Toc353689854][bookmark: _Toc354300378]NOTE	This verification corresponds to assuming as deformation capacity at Damage Limitation (DL) limit state the limit elastic one (at cracked condition) corresponding to the shear strength obtained as the minimum of the different possible failure criteria given in 11.4.1.1 (DL = y , see Figure 11.1).
(3) The verification of the DL limit state in spandrels may be omitted.
[bookmark: _Toc353689856][bookmark: _Toc354300380][bookmark: _Toc484692174][bookmark: _Toc494123237][bookmark: _Toc20932484]Verification through non-linear static analysis in local (member-level) terms
[bookmark: _Toc494123238][bookmark: _Toc20932485]General
(1) If the force-displacement relationships of masonry members do not consider strength degradation, the idealised capacity curve (equivalent bilinear SDOF system) should be defined up to the point of formation of the plastic mechanism, according to prEN 1998-1-1:2022, 4.5.3(2). The displacement demand (target displacement) at global level should be evaluated according to prEN 1998-1-1:2022, 6.5.4.
(2) For a given limit state, all masonry members should be verified by checking from the result of non-linear static analysis whether shear resistance is reached (step 1 of 4.7.3.2(3) – identification of critical zones) and to which failure criteria (11.4.1.1) it corresponds. In the critical zones, it is necessary to verify (step 2 of 6.7.2(1)) that the deformation demand, after the application of Sd and correction for torsion and higher mode effects, is less than the corresponding deformation capacity (11.4.1.2), after the reduction by Rd.
(3) To account for torsion effects, for each wall (w) the seismic action effects in terms of deformation quantities should be multiplied by a correction factor given in a) or b):
a) by the correction factor cP,w given in (4), if the number of storeys is not more than five and the building is regular in elevation,
b) by the correction factor cE,w,i given in (5), in all other cases.
(4) The correction factor cP,w, which takes into account torsion effects, should be calculated for each wall w from Formula (11.32).
	(11.32)
where
	det , det,w
	are the values of the control displacement (6.4.4.3(3)) obtained from linear analysis for the seismic action associated with a designated limit state, with consideration of torsional effects as specified in prEN 1998-1-2:2023, 5.3.5.3, and the corresponding average displacement of the wall w at the level where the control displacement is defined (prEN 1998-1-2:2023, 5.3.5.2(5));

	dt , dt,w
	are the values of the target displacement associated with a designated limit state and the corresponding average displacement of wall w.


(5) The correction factor cE,w,i, which also takes into account the higher mode effects in elevation (in addition to the torsional ones), should be evaluated from Formula (11.33).
	(11.33)
where
	dt, det
	are defined as in (4);

	et,w,i
	is the interstorey drift ratio w,i of wall w at the i-th storey, obtained by linear analysis for the seismic action associated with a designated limit state, with consideration of torsional effects according to prEN 1998-1-2:2023, 5.3.5.3;

	t,w,i
	is the interstorey drift ratio w,i of wall w at the i-th storey, corresponding to the target displacement associated with a designated limit state.


(6) The interstorey drift ratio of wall w at the i-th storey should be derived from the average displacement uw,i and uw,i-1. In the case of walls with an almost regular pattern of openings, the calculation of w,i may also consider the average rotation of nodes at the two levels, rw,i and rw,i-1 , using Formula (11.34).
	(11.34)
Limit state of Near Collapse
(1) 11.5.1.3.3(1) should be applied, but using as V the shear force corresponding to the target displacement from the non-linear analysis at the NC limit state.
(2) 11.5.1.3.3(2) should be applied, using a displacement capacity defined in terms of the drift ratio NC = u2, with  the deformation demand (drift ratio) from the non-linear analysis at the NC limit state.
Limit state of Significant Damage
(1) 11.5.1.3.3(1) should be applied, but using as V the shear force corresponding to the target displacement from the non-linear analysis at the SD limit state.
(2) For all masonry members in the critical zones, the corresponding displacement capacity should be defined in terms of the drift ratio SD, as a fraction of the drift ratio NC = u2 given in 11.4.1.2.2, 11.4.1.2.3 or 11.4.1.2.4, according to 4.2.3.3. The SD limit state should be verified using Formula (11.35).
	(11.35)
where
	Sd
	should be taken from 4.2.2(5);

	Rd
	should be taken from Table 11.7;

	
	is the deformation demand (drift ratio) from non-linear analysis, at the SD limit state;

	cP,w
	is the correction factor defined in 11.5.1.3.1(4) that takes into account torsion effects; if higher mode effects are relevant (buildings irregular in elevation and/or with six or more storey), the correction factor cE,w,I (11.5.1.3.1(5)) should be used instead of cP,w.


Limit state of Damage Limitation
(1) For each masonry member, the shear strength should not be exceeded for any failure criterion (11.4.1.1.1(3)), i.e. all members should satisfy Formula (11.36).
	(11.36)
where
	Sd
	should be taken from 4.2.2(5);

	VR
	is the shear strength, defined as the minimum among the possible failure modes in 11.4.1.1;

	Rd
	is given in Table 11.4, Table 11.5 or Table 11.6, as a function of KLM (and possibly KLD), depending on the criterion for shear failure;


NOTE	This verification consists in assuming as deformation capacity at Damage Limitation (DL) limit state the elastic one (at cracked condition) corresponding to the shear strength obtained as the minimum of the different possible failure criteria given in 11.4.1.1 (DL = y , see Figure 11.1).
(2) The verification of the DL limit state in spandrels may be omitted.
[bookmark: _Toc527295827][bookmark: _Toc1944224][bookmark: _Toc353689860][bookmark: _Toc354300384][bookmark: _Toc484692178][bookmark: _Toc494123242][bookmark: _Toc20932489]Verification through non-linear static analysis in global (structural system) terms
[bookmark: _Toc494123243][bookmark: _Toc20932490]General
(1) If the force-displacement relationships consider strength degradation, the limit states should be identified on the capacity curve (see 6.4.4.3) and corresponding displacement capacities should be defined accordingly.
(2) The seismic action effect should be the displacement demand at global level, which should be established from the equivalent SDOF system (see 6.4.4.3(2)), with idealised bilinear response, as in prEN 1998-1-1:2022 6.5.4.
(3) The safety verification should be made by checking at global level that the displacement demand is less than the displacement capacity, after the application of partial factors Sd and Rd. The verification of local failure, related to the condition wherein one masonry member is not able to bear gravity loads, should be a limit of the displacement capacity, according to (4).
NOTE	The verification of the damage level in each masonry member is implicitly made during the non-linear static analysis, by considering force-deformation relationships with strength degradation and the consequence at global level can be directly detected on the capacity curve.
(4) For buildings with rigid diaphragms, also local verifications (see 11.5.1.3) should be carried out, but only in walls where the correction factors cP,w (see 11.5.1.3.1(4)) or cE,w,i (see 11.5.1.3.1(5)) are greater than 1,2. If the number of storeys is not more than five and the building is regular in elevation (prEN 1998-1-2:2023, 4.4.4.2), only the torsion effects should be taken into account through the correction factor cP,w (see 11.5.1.3.1(4)), in each wall w that is relevant to the direction of verification. Otherwise, the correction factor cE,w,i (see 11.5.1.3.1(5)), for higher mode effects in elevation (in addition to the torsion ones), should be applied at each storey i for each relevant wall w.
(5) Resistance should be defined in terms of displacement of a characteristic point of the structure (the “control node”) at the top floor (6.4.4.3), or at the slab one storey below if the top storey has less than 50% of the mass of the storey below. In the case of stiff diaphragms, the characteristic displacement may be taken as the average displacement among those of different walls, weighed by the corresponding seismic masses.
(6) The ultimate displacement capacity u for NC limit state should be taken as the lower control node displacement for which one the following conditions is attained:
a) the total lateral resistance (base shear) has dropped below 80% of the peak resistance of the structure, due to progressive damage and failure of lateral load resisting members (see 11.3.2.1 and 11.4.1.2);
b) the damage level associated with NC = u2, as defined in 11.4.1.2, is reached in all piers at any level of any masonry walls considered relevant;
c) one member has reached a drift ratio corresponding to 1,5 times that corresponding to the NC damage level (in this respect, spandrels where the lintel is not a masonry arch or a poorly supported member, may be omitted in this verification).
(7) The displacement capacity dNC for the NC limit state should be evaluated from the ultimate displacement u , as given by Formula (11.37).
	(11.37)
where Rd is a partial factor accounting for uncertainty in the displacement capacity at NC. Values should be taken from Table 11.8 as a function of the minimum Knowledge Level between KLG and KLD.
NOTE	The displacement capacity dNC is highly dependent on the ultimate drift limits of masonry members, which are characterised by a high dispersion, but available experimental tests are not sufficient to quantify the influence on material properties. Therefore, values of Rd are always high, independently of the Knowledge Levels, and the influence of KLM can be ignored.
Table 11.8: Values of partial factor Rd accounting for uncertainty in the displacement capacity at NC limit state
	min (KLG, KLD)
	1
	2
	3

	Rd
	1,9
	1,8
	1,7


(8) The displacement capacity dDL for limit state DL should be taken as the lower control node displacement for which one condition a) or b) is attained:
a) the displacement dy at the yield point of the equivalent bilinear SDOF system, evaluated at the Limit State of NC according to prEN 1998-1-1:2022, 6.5.3(5), assuming as dm* the point at maximum base shear;
b) the displacement dy at which the damage level associated with DL, as defined in 11.4.1.2, is reached in all piers at any level of any masonry wall considered relevant.
In all cases, the displacement capacity dDL should be assumed not less than the one for which the total lateral resistance is 3/4 of the maximum base shear.
(9) The displacement capacity dSD for the SD limit state should be defined in terms of a displacement between the elastic limit and the ultimate state (see 4.2.3.3), by using directly the displacement capacities at DL and NC limit states, in order to include directly the effects related to uncertainties.
(10) The displacement capacity dDL for the DL limit state should be evaluated from the displacement y, as given by Formula (11.38).
	(11.38)
where  is a partial factor accounting for uncertainty in the displacement capacity at DL. Values should be taken from Table 11.9 for the different Knowledge Levels of KLM.
NOTE	The dependence of Rd on KLG and KLD is relatively small and can be ignored.
Table 11.9 — Values for partial factor Rd accounting for uncertainty in the displacement capacity at DL limit state
	KLM
	1
	2
	3

	Rd
	2,0
	1,7
	1,5


[bookmark: _Toc353689861][bookmark: _Toc354300385][bookmark: _Toc484692179][bookmark: _Toc494123244][bookmark: _Toc20932491]Limit states of Damage Limitation, Significant Damage or Near Collapse
(1) The displacement capacity dDL, dSD or dNC defined in 11.5.1.4.1(9), (10) or (6), respectively, and denoted here by LS, should be used to verify the DL, SD or NC limit states according to Formula (11.39).
	(11.39)
where
	Sd
	should be taken from 4.2.2(5);

	d
	is the target displacement evaluated according to prEN 1998-1-1:2022, 6.5.4, using the equivalent bilinear SDOF system according to 6.5.3, corresponding to the displacement capacity dDL, dSD or dNC, respectively.


[bookmark: _Toc353689864][bookmark: _Toc354300388][bookmark: _Toc484692182][bookmark: _Toc494123247][bookmark: _Toc20932492]Verification through non-linear response-history analysis
(1) Non-linear response-history analysis, according to prEN 1998-1-1:2022, 6.6, should use force-deformation relationships with strength degradation and representative hysteretic behaviour.
(2) The verification should be made considering as seismic action effect the maximum value of the roof displacement recorded during the response history analysis. For each ground motion record, four peak values of this quantity should be obtained, by considering positive and negative directions of the two orthogonal components. For a given limit state, all four mean values from the different considered ground motion records, amplified by the partial factor Sd, should not exceed the corresponding displacement capacity obtained from the non-linear static analyses (considering, among those proposed in 6.4.4.2, the load pattern whose capacity curve better fits the cyclic one, obtained from the non-linear dynamic analysis).
NOTE Global correction factors cP and cE need not be applied because non-linear dynamic analysis implicitly considers torsion and higher mode effects. 
(3) It should be verified that the damage level associated with NC = u2, as defined in 11.4.1.2, is not reached in any pier at any level of any masonry wall considered relevant:
a) at the SD limit state, for each response-history analysis;
b) at the NC limit state, in at least half of the response-history analyses.
[bookmark: _Toc353689866][bookmark: _Toc354300390][bookmark: _Toc484692183][bookmark: _Toc494123248][bookmark: _Toc20932493][bookmark: _Toc96792646][bookmark: _Toc132813491][bookmark: _Toc119720481]Verification of partial out-of-plane mechanisms
[bookmark: _Toc494123249][bookmark: _Toc20932494]General
(1) Verification of partial out-of-plane mechanisms should be made in addition to the verification of the global in-plane shear resistance of masonry members, when the global verification is made using a model that does not capture out-of-plane response of walls associated with these local mechanisms. This verification should be carried out as given in a) to c):
a) in masonry walls that are not effectively connected to transversal horizontal and vertical structures;
b) for slender masonry walls (even if they are restrained at two consecutive levels);
c) for vertical cantilever members.
[bookmark: _Toc353689868][bookmark: _Toc354300392][bookmark: _Toc484692185][bookmark: _Toc494123251][bookmark: _Toc20932496]Displacement-based verification of SD and NC limit states
(1) The displacement-based assessment should consider as seismic action effect the displacement demand of the equivalent SDOF system of the local mechanism. To this purpose, a linear equivalent period characteristic of the ultimate limit state considered should be defined from the capacity curve F*(d*) (see Formulas (11.6), (11.7) and (11.8)), using Formulas (11.40) and (11.41) for SD and NC respectively.
	(11.40)
	(11.41)
NOTE	In order to get a more reliable displacement demand estimation, periods defined by Formulas (11.51) and (11.52) are 20% shorter than those corresponding to the secant stiffness at the displacement capacities dSD and dNC (defined in 11.4.2(5)).
(2) When the local mechanism develops at the ground storey, the displacement demand should be calculated from the displacement response spectrum SDe(T), defined in prEN 1998-1-1:2022, 5.2.2.2(13), by using the equivalent periods for the considered limit state (see Formulas (11.24) and (11.25)) and equivalent damping ratios SD and NC, defined in (6). The verification of the two limit states should be made according to Formulas (11.42) for SD and (11.43) for NC.
	(11.42)
	(11.43)
where
	Sd
	should be taken from 4.2.2(5);

	
	is the damping correction factor that modifies the elastic spectrum as a function of a damping coefficient  different from 5%, as given by prEN 1998-1-1:2022, 5.2.2.2(12);

	dSD and dNC
	are given in 11.4.2(5);

	Rd
	is a partial factor accounting for uncertainty in the resistance at SD and NC limit states (in terms of displacement of the equivalent SDOF system). Values should be taken from Table 11.10 as a function of the minimum Knowledge Level between KLG and KLD and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


NOTE	The dependence of Rd on KLM is relatively small and can be ignored. 
Table 11.10 — Values of partial factor Rd accounting for uncertainty in the displacement capacity at SD and NC limit states at ground level
	min (KLG, KLD)
	1
	2
	3

	Rd
	1,55
	1,40
	1,30


(3) When the local mechanism develops at a level z of the building, a floor acceleration response spectrum SeZ(T) should be used, transformed into floor displacement response spectrum. Formulas (11.44) and (11.45) should be used for the SD and NC limit states, respectively.
	(11.44)
	(11.45)
where
	Sd
	should be taken from 4.2.2(5);

	dSD and dNC
	are given in 11.4.2(5);

	Rd
	is a partial factor accounting for uncertainty in the resistance at SD and NC limit states (in terms of displacement of the equivalent SDOF system). Values should be taken from Table 11.11 as a function of the minimum Knowledge Level between KLG and KLD and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


NOTE	The dependence of Rd on KLM is relatively small and can be ignored. 
Table 11.11 — Values of partial factor Rd accounting for uncertainty in the displacement capacity at SD and NC limit states at level z
	min (KLG, KLD)
	1
	2
	3

	Rd
	1,7
	1,6
	1,5


(4) It should be verified that the displacement demand corresponding to the first period of vibration of the building T1, in the direction relevant to the local mechanism, does not exceed the displacement capacity. To this end, Formulas (11.44) and (11.45) should be used, substituting T1 for TSD and TNC respectively.
(5) For the evaluation of the displacement demand, at the ultimate limit states SD and NC, a) and b) should be considered:
a) the damping of the local mechanism (in the absence of more accurate evaluations) may be assumed for vertical spanning as follows: SD from 8% to 15% (decreasing the slenderness) and NC =1,2SD; in the case of parapets these values may be halved, while for one-side rocking, damping may be further increased;
b) when the local mechanism is located at an upper level of the building, the values of damping 1 and equivalent period T1 of the building should be compatible with its global non-linear response for ground accelerations associated with SD and NC.
[bookmark: _Toc483244068][bookmark: _Toc483245110][bookmark: _Toc483246202][bookmark: _Toc484517608][bookmark: _Toc484692186][bookmark: _Toc484693227][bookmark: _Toc484694320][bookmark: _Toc484700160][bookmark: _Toc486860807][bookmark: _Toc486926187][bookmark: _Toc486967395][bookmark: _Toc487011256][bookmark: _Toc475370621][bookmark: _Toc354300393][bookmark: _Toc484692187][bookmark: _Toc494123252][bookmark: _Toc20932497]Verification of SD using the q-factor approach
(1) This method of verification may be used when the capacity curve F*(d*) is not evaluated, making reference only to the horizontal multiplier 0 at the onset of the mechanism.
NOTE	This is the case of complex mechanisms, for which the non-linear kinematic analysis would be problematic, or when a reduced displacement capacity is available.
(2) The seismic action effect for a local mechanism with initial period of vibration T0, typical of freestanding members (cantilevers), should be evaluated by reducing the seismic force on the equivalent SDOF system by the behaviour factor qLM. The seismic action should be the elastic spectral acceleration Se(T0), if the mechanism develops starting from the ground storey, or the floor spectral acceleration SeZ(T0), if the mechanism is located at height z. The verification for the two above-mentioned cases should be made according to Formulas (11.46) and (11.47).
	(11.46)
	(11.47)
where
	Sd
	should be taken from 4.2.2(5);

	qLM
	is the behaviour factor of local out-of-plane mechanism, which may be taken equal to 2, unless more accurate calculations are made, accounting for boundary conditions, size of the mechanism and ground motion characteristics;

	Rd
	may be assumed equal to the value given in 11.5.2.2(2) for Formula (11.42) and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


(3) If the mechanism is assumed as rigid before the activation (initially rigidly connected to the building), the seismic action effect should be calculated by dividing the seismic force on the equivalent SDOF system by the behaviour factor qLM. The seismic action should be defined as the reference peak ground acceleration ag, for mechanisms at ground level, or the peak floor acceleration aZ, in other cases. The verification for the two aforementioned cases should be made according to Formulas (11.48) and (11.49).
NOTE	This mechanism may be assumed in the case of local mechanisms linked to the main structure.
	(11.48)
	(11.49)
where
	Sd
	should be taken from 4.2.2(5);

	Rd
	may be assumed equal to the value given in 11.5.2.2(3) for Formula (11.44) and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


The spectral acceleration Sα, and the coefficient FA are defined in 5.2.2.2 of prEN 1998-1-1:2022, while SeΖ is the floor acceleration response spectrum defined in 11.5.2.2 (3).
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(1) For the verification of these limit states through non-linear response-history analysis, an SDOF system may be considered with a backbone curve (envelope of the cyclic hysteretic force-deformation relationship) defined by the capacity curve obtained from non-linear kinematic analysis. The “flag shape” hysteretic response (see Figure 6.1e) may be used to model the rocking behaviour, which has a limited hysteretic energy dissipation. This source of dissipation should be added to the equivalent viscous damping associated with the change of centre of rotation during rocking. Although the equivalent viscous damping depends on boundary conditions and geometry, in the case of single blocks it may be calculated according to Formula (11.50).
	(11.50)
where
	c
	is the coefficient of restitution (related to impact during rocking);

	
	is the slenderness of the block (from which the equivalent viscous damping may be evaluated in an approximate way, in the case of a single-block mechanism).


(2) A dynamic model consisting of rigid blocks may be used, even if it does not consider the initial deformability of the mechanism.
NOTE	The use of dynamic models is helpful in the case of asymmetric mechanisms, such as those with unilateral constraints (out-of-plane response of a façade that occurs only outwards).
(3) The number of accelerograms to be used for this verification should not be lower than specified in prEN 1998-1-1:2022, 6.6(3). The value d0 of the displacement (Figure 11.2) should not be exceeded in any analysis and the average of peak displacements should not exceed the value derived from Table 11.12, depending on the number of accelerograms used.
NOTE	The response of partial out-of-plane mechanisms presents sensitivity to record-to-record variability that is higher than that of in-plane mechanisms.
Table 11.12 — Non-dimensional displacement capacity for verification of SD and NC by non-linear response-history analysis
	Number of accelerograms
	7
	10
	15
	20
	30

	Displacement capacity factor
	0,65
	0,70
	0,75
	0,85
	1


NOTE	Actual displacement capacity is obtained multiplying the table value by the displacement capacity defined in 11.4.2(5) and dividing by the partial factors in Table 11.12 or Table 11.13.
Verification of DL limit state
NOTE	The limit state of Damage Limitation (DL) corresponds to the onset of the considered local mechanism, which can be related to the occurrence of cracks (a condition far from collapse, e.g. overturning of facades or of simply supported members), equivalently expressed here in terms of forces. In the case of masonry walls poorly connected to the rest of the building, due to the absence of tie-rods, of interlocking with orthogonal walls and of connection with horizontal diaphragms, the vulnerability to seismic actions with respect to DL limit state is significant, as frequently observed in earthquakes.
(1) The seismic action effect for a local mechanism with initial period of vibration T0 should be evaluated using the elastic response spectrum Se(T0), if the mechanism develops starting from the ground storey level, or the floor spectrum SeZ(T0), if the mechanism is at a level of the building at height z above ground. The damping ratio may be taken equal to  = 5%. In the first case, the verification should be made according to Formula (11.51), while in the second case Formula (11.52) should be used.
	(11.51)
	(11.52)
where
	Sd
	should be taken from 4.2.2(5);

	m*
	is defined in 11.3.3.2(6);

	F*DL
	is given in 11.4.2(3) and (4);

	Rd
	is a partial factor accounting for uncertainty in the resistance at DL limit state (force at the onset of rocking). Values should be taken from Table 11.13 as a function of the minimum Knowledge Level between KLG and KLD, and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


NOTE 1	The dependence of Rd on KLM is relatively small and can be ignored. 
NOTE 2	An analytical formulation for the definition of floor spectra is given in Annex D, D.7.
Table 11.13 — Values of partial factor Rd accounting for uncertainty in the force capacity at DL limit state for an initially flexible mechanism
	min (KLG, KLD)
	1
	2
	3

	Formula (11.52) - Rd
	1,35
	1,2
	1,1

	Formula (11.53) - Rd
	1,45
	1,35
	1,25


(2) If the mechanism is assumed as rigid before activation, the seismic action effect may be defined through the reference peak ground acceleration ag, for mechanisms at ground level, or the peak floor acceleration aZ, in the other cases. In the first case, verification should be made using Formula (11.53), while in the second case Formula (11.54) should be used.
	(11.53)
	(11.54)
where
	Sd
	should be taken from 4.2.2(5);

	m*
	is defined in 11.3.3.2(6);

	F*DL
	is given in 11.4.2(3) and (4);

	Rd
	is a partial factor accounting for uncertainty in the resistance at DL limit state (force at the onset of rocking). Values should be taken from Table 11.14 as a function of the minimum Knowledge Level between KLG and KLD, and should be amplified by a factor 1,2 if the assumption of blocks with infinite resistance is adopted.


NOTE	The dependence of Rd on KLM is relatively small and can be ignored.
Table 11.14 — Values for partial factor Rd accounting for uncertainty in the force capacity at DL limit state for an initially rigid mechanism
	min (KLG, KLD)
	1
	2
	3

	Formula (11.53) - Rd
	1,65
	1,55
	1,5

	Formula (11.54) - Rd
	1,70
	1,65
	1,6


[bookmark: _Toc475370624][bookmark: _Toc484692201][bookmark: _Toc96792647][bookmark: _Toc132813492][bookmark: _Toc119720482][bookmark: _Toc494123254][bookmark: _Toc354300395][bookmark: _Toc20932499] Analysis and resistance models for retrofitting
[bookmark: _Toc475370625][bookmark: _Toc354300396][bookmark: _Toc484692202][bookmark: _Toc494123255][bookmark: _Toc20932500][bookmark: _Toc96792648][bookmark: _Toc132813493][bookmark: _Toc119720483]General
NOTE	Resistance models for the verification of partial out-of-plane mechanisms after retrofitting interventions (tie-rods, hoops, buttresses, etc.) are the same as those used for the assessment (see 11.4.2).
(1) The design of seismic retrofitting of masonry buildings should be directly related to the vulnerability resulting from the assessment in the present state. If the building does not fulfil the performance requirements (see 4.1) in its current state, retrofitting interventions should be designed with the aim of a) and b):
a) preventing the occurrence of partial mechanisms, usually related to out-of-plane behaviour of masonry members, by improving connections between masonry members;
b) increasing the strength and/or displacement capacity of the building as a whole, taking into account the in-plane behaviour of masonry walls and the role of horizontal diaphragms.
NOTE	Annex D, D.6 provides a list of possible interventions.
(2) The masonry building after retrofitting should comply with the present standard.
(3) Partial out-of-plane mechanisms that are not verified for each Limit State to be checked (see 4.1(3)) may be prevented by improving the connections between masonry walls, and of masonry walls with horizontal diaphragms, if they are not flexible.
NOTE	This is due to the fact that the activation of the mechanism (Limit State of DL) and the collapse conditions (Limit State of NC) are mainly related to loss of equilibrium conditions (11.3.3) rather than failure of masonry material.
(4) The improvement of the global seismic behaviour of the building may be achieved by adopting different strategies of retrofitting, depending on severity and characteristics of the vulnerability in the present state, as given in a) to d).
a) by increasing the stiffness of horizontal diaphragms, if the attainment of Limit States is due to the weakness of one single wall that behaves almost independently of the others;
b) by strengthening masonry walls (all or some of them, for example the critical ones – see 5.4.2) by proper techniques that improve material properties in terms of moduli of elasticity, compressive and shear strength (mortar injections, repointing of mortar joints, transversal connections, jacketing);
c) by strengthening masonry walls (all or some of them, for example the critical ones - see 5.4.2) by transforming them to reinforced ones through the addition of tensile resisting elements (vertical and horizontal steel bars, FRP or other composites strips) that provide to masonry a tensile strength in the direction perpendicular to bed mortar joints;
d) by adding new structural members (reinforced concrete, steel or timber frames and/or walls, bracings, dissipative passive or active devices, etc.), which interact with the original structure.
(5) In the case of retrofitting strategy of (4) a) or b), structural models (see 11.3) and resistance models for in-plane loaded masonry members (see 11.4.1) proposed for the assessment should be used for the design and verification of retrofitting. Values given in 11.6.3.2 may be used.
NOTE	In this case, changes are only in the material properties i.e.: diaphragm stiffness, material properties of masonry.
(6) In the case of retrofitting strategy of (4) c), structural models (see 11.3) proposed for the assessment should be used for the design of retrofitting, but different resistance models (see 11.5.3.2) for in-plane loaded masonry members should be used, because of the different in-plane behaviour of reinforced masonry.
(7) In the case of retrofitting strategy of (4) d), the structural model for the design should include both the original members (if still effective) and the new members (see 11.6.2).
[bookmark: _Toc475370626][bookmark: _Toc354300397][bookmark: _Toc484692203][bookmark: _Toc494123256][bookmark: _Toc20932501][bookmark: _Toc96792649][bookmark: _Toc132813494][bookmark: _Toc119720484]Structural modelling of strengthened buildings
(1) Structural modelling, seismic analysis and verification of the building after retrofitting should be based on provisions given in 6.3, 7 and 11.3, i.e. those that are used for the assessment of the unretrofitted building.
(2) In the case of retrofitting by addition of new members, new structural members (reinforced concrete, steel or timber frames and/or walls, bracings, dissipative passive or active devices, etc.) may be designed according to provisions for new members in EN 1998-1-2. However, in order to consider the interaction between the existing and the new structural members and the potential different stiffness and displacement capacity of these parts, non-linear methods of analysis should be used.
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[bookmark: _Toc494123258][bookmark: _Toc20932503]General
(1) Retrofitting of masonry walls may be addressed by simply improving the original material properties of masonry (moduli of elasticity, compressive and shear strength), or by also adding tensile resisting members that provide to masonry a tensile strength in the direction perpendicular to bed mortar joints.
NOTE	These two retrofitting conditions are given in 11.6.3.2 and 11.6.3.3 as strengthened unreinforced and strengthened reinforced masonry members, respectively.
[bookmark: _Toc475370628][bookmark: _Toc354300399][bookmark: _Toc484692205][bookmark: _Toc494123259][bookmark: _Toc20932504]Resistance models for strengthened unreinforced masonry members  
(1) Depending on the classification of masonry types into regular and irregular, given in 11.4.1.1.1(3), and considering the specific vulnerabilities (weakness of blocks and mortar joints, multi-leaf masonry with poor connection, etc.) and the state of deterioration, different possible retrofitting techniques may be used.
(2) The identification of material properties for strengthened masonry may consider direct or indirect in situ testing.
NOTE 1	Both types of testing are useful if applied before and after retrofitting in order to quantify the achieved improvement. 
NOTE 2	Annex D, D.5, contains a list of possible retrofitting interventions, together with values for the coefficient of improvement with respect to the values representative of the original masonry, as indicated in Annex D, D.2.
[bookmark: _Toc475370629][bookmark: _Toc354300400][bookmark: _Toc484692206][bookmark: _Toc494123260][bookmark: _Toc20932505]Resistance models for strengthened reinforced masonry members
(1) Unreinforced masonry may be strengthened by the addition of members able to transform the original members (piers and spandrels) into reinforced masonry members.
NOTE	Specific failure criteria are provided in EN 1996-1-1:2022, 5.5.2, 5.5.4 and 6.7.
(2) In the case of composite systems (FRP, TRM/FRCM) applied on the outer faces of masonry panels, additional specific verifications should be considered for the critical failure mechanisms of this type of retrofitting (debonding, delamination, etc.).
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[bookmark: _Toc330368557][bookmark: _Toc475370631][bookmark: _Toc354300402][bookmark: _Toc484692208][bookmark: _Toc494123262][bookmark: _Toc20932507][bookmark: _Toc96792652][bookmark: _Toc132813497][bookmark: _Toc119720487]Scope
(1) This clause contains provisions additional to those in other relevant clauses of the present standard or other parts of EN 1998, which should be applied for the assessment and retrofitting of existing bridges.
NOTE	In applying provisions of the present standard, bridge piers are assimilated to columns.
(2) This clause primarily covers the seismic assessment and retrofitting of existing bridges wherein the horizontal seismic actions are mainly resisted by the piers and/or abutments.
(3) Suspension bridges, timber and masonry bridges, moveable bridges and floating bridges are beyond the scope of this clause.
[bookmark: _Toc20932508][bookmark: _Toc96792653][bookmark: _Toc132813498][bookmark: _Toc119720488]Performance requirements
(1) The Limit States to be used in the assessment of bridges should be as defined in prEN 1998-1-1:2022, 4.3(1).
(2) The influence of the importance of the bridge should be expressed either in terms of return period TLS,CC or a performance factor γLS,CC according to 4.1(2) and prEN 1998-2:2023, 4.2.1(1).
NOTE	The importance of a bridge depends on failure consequences in terms of human life, on their importance for maintaining communications, especially in the immediate post-earthquake period, and on the economic consequences of collapse.
[bookmark: _Toc330368559][bookmark: _Toc475370633][bookmark: _Toc354300404][bookmark: _Toc484692210][bookmark: _Toc494123264][bookmark: _Toc20932509][bookmark: _Toc96792654][bookmark: _Toc132813499][bookmark: _Toc119720489]Compliance criteria
[bookmark: _Toc330368560][bookmark: _Toc475370634][bookmark: _Toc354300405][bookmark: _Toc484692211][bookmark: _Toc494123265][bookmark: _Toc20932510][bookmark: _Toc96792655][bookmark: _Toc132813500][bookmark: _Toc119720490]Distinction between “ductile” and “brittle” mechanisms
(1) The distinction between “ductile” and “brittle” mechanisms should be applied to the individual structural members of bridges.
NOTE	This distinction refers to structural members, not to the entire structure.
[bookmark: _Toc330368561][bookmark: _Toc475370635][bookmark: _Toc354300406][bookmark: _Toc484692212][bookmark: _Toc494123266][bookmark: _Toc20932511][bookmark: _Toc96792656][bookmark: _Toc132813501][bookmark: _Toc119720491]Distinction between primary and secondary seismic members
(1) Except those listed in (2) and (3), all structural members of the bridge should be designated as primary seismic members in accordance with the definitions in prEN 1998-2:2023, 4.3.2.
(2) A limited number of secondary seismic members may be considered as sacrificial according to 4.2.2(3).
NOTE	Both secondary seismic members and sacrificial members can be neglected in modelling (which is also the case with ancillary elements), since they do not form part of the lateral load-resisting system. The former, however, need to be capable of sustaining gravity loads at the horizontal displacement induced by the seismic action, implying that their collapse is not permitted. For this reason, it is expected that secondary members are going to be included in the model neglecting their stiffness with respect to horizontal loading. On the other hand, sacrificial members are allowed to fail under the specified conditions, implying that they do not support other members; they are usually included in the structural model prior to their failure. Examples of sacrificial members are sacrificial backwalls in seat-type bridge abutments and sacrificial shear keys.
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(1) For obtaining information for structural assessment, the extent of the investigation scheme should be decided considering the target Knowledge Level for each bridge component as defined in 12.4.3(1). There may be different Knowledge Levels for different structural components. The finally attained Knowledge Level should be determined based on the amount and reliability of information collected regarding the corresponding data on geometry, materials and details.
NOTE	In seismic assessment, the target Knowledge Level for each component depends on its contribution to seismic resistance. With the exception of single-span framed or box-type bridges, the seismic resistance of the bridge depends mainly on the strength of the bearings and on the strength and ductility of the piers and abutments, including their foundations.
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[bookmark: _Toc494123270][bookmark: _Toc20932515]General
(1) The three steps of the investigation procedure in 12.4.2.2 to 12.4.2.4, should be followed to obtain the highest feasible Knowledge Level.
[bookmark: _Toc475370639][bookmark: _Toc354300410][bookmark: _Toc484692216][bookmark: _Toc494123271][bookmark: _Toc20932516]Step 1: Collection of information and first inspection
(1) The first step should consist of a) and b):
a) gathering all available information concerning the existing bridge;
b) performing the first visual inspection.
(2) Gathering of information should include collection of all available information related to the bridge (i.e. as-built drawings if available, otherwise design or construction drawings as defined in 5.1.1, calculation notes, specifications, site report, subsequent interventions and damage reports, soil boring and test logs, geotechnical report, hydrological report, maintenance records, etc.).
(3) During the first visual inspection, a geometrical and topographical survey should be performed in order to establish (or verify if drawings are available) the geometry of the bridge. In the absence of verified (e.g. through spot checks) drawings, new general arrangement drawings should be issued after the survey. Also, all structural defects that can be recognised through the first inspection should be recorded.
[bookmark: _Toc475370640][bookmark: _Toc354300411][bookmark: _Toc484692217][bookmark: _Toc494123272][bookmark: _Toc20932517]Step 2: Simulated design
(1) The second step should consist of a simulated design using the results of the previous step, in order to verify uncertainties on the geometrical and topographic survey and design assumptions (such as tendon geometry, pre/post tensioning forces, reinforcement, hidden or unavailable details). Where discrepancies are found, a supplementary geometrical and topographic survey should be carried out.
(2) If reliable as-built drawings are available, this step may be omitted.
[bookmark: _Toc475370641][bookmark: _Toc354300412][bookmark: _Toc484692218][bookmark: _Toc494123273][bookmark: _Toc20932518]Step 3: Detailed Survey and Investigation
(1) The third step should consist in completing the geometrical and structural survey of the bridge.
(2) Detailed geometrical and structural survey may be necessary for:
a) the assessment of hidden foundation details through appropriate investigation shafts or use of georadar (ground-penetrating radar);
b) locating tendons and reinforcement through electromagnetic scans and cuts.
(3) Investigations for the properties of materials should consist of one or more of the procedures described in a) to d):
a) estimate concrete quality and properties using destructive and non-destructive tests (concrete coring – laboratory compression tests, ultrasonic pulse velocity measurements, pull out tests, Schmidt hammer test, pull-off tests, etc.). See also 8.2.4.
NOTE 1	EN 13791 is also applicable to concrete bridges.
b) estimation of type, grade, properties and condition of structural steel, reinforcing steel and tendons (e.g. tensile, chemical and metallurgical tests on steel, type of tendons).
c) investigations for the estimation of the condition of bearings and connections.
NOTE 2	See EN 1337-10 and EN 15129 for bearings. In steel bridges connections include steel joints, whose properties and condition can be assessed.
d) investigations for the estimation of the effect of age and durability on the structure (e.g. carbonation depth, chloride content at different depths of the concrete members, detection of cavities, holes and delamination of concrete using infrared thermography).
(4) In situ dynamic load testing may be applied as a complementary approach.
(5) Investigations should be performed where insufficient information is available, to determine if the existing structure can resist seismic action effects or preliminary evaluation indicates that retrofitting is required (critical locations of the bridge). 5.4 should be applied for defining a minimum percentage of critical locations of the bridge.
[bookmark: _Toc330368565][bookmark: _Toc475370642][bookmark: _Toc354300413][bookmark: _Toc484692219][bookmark: _Toc494123274][bookmark: _Toc20932519][bookmark: _Toc96792660][bookmark: _Toc132813505][bookmark: _Toc119720495]Assessment of Knowledge Level
(1) With the exception of box-type bridges, six types of structural components as given in a) to f) should be identified per bridge for the purposes of the assessment of knowledge level, as relevant:
a) deck;
b) pier(s);
c) foundations;
d) abutments;
e) bearings;
f) joints and connections.
(2) The Knowledge Level for each category of information, namely Geometry, Construction Details and Materials, should be representative of the critical region of each component.
(3) For the Geometry, as a minimum, Average Knowledge Level should be attained through investigations.
(4) For each component and material, the achieved KL on Materials (KLM) based on the collected information is defined in 8.2.4 for concrete members and 9.2.4 for steel/composite members.
(5) For each component and material, the achieved KL on Details (KLD) based on the collected information is defined in 8.2.3 for concrete members and 9.2.3 for steel/composite members.
[bookmark: _Toc330368566][bookmark: _Toc475370643][bookmark: _Toc354300414][bookmark: _Toc484692220][bookmark: _Toc494123275][bookmark: _Toc20932520][bookmark: _Toc96792661][bookmark: _Toc132813506][bookmark: _Toc119720496]Assessment procedures
[bookmark: _Toc330368567][bookmark: _Toc475370644][bookmark: _Toc354300415][bookmark: _Toc484692221][bookmark: _Toc494123276][bookmark: _Toc20932521][bookmark: _Toc96792662][bookmark: _Toc132813507][bookmark: _Toc119720497]General
(1) For bridges where the inertial rather than the kinematic seismic action is dominant (see prEN 1998-5:2022, 8.1(1)), 12.5.2 should be applied. Backfilled single-span framed, or box-type bridges should be treated according to 12.5.3.
[bookmark: _Toc20932522][bookmark: _Toc96792663][bookmark: _Toc132813508][bookmark: _Toc119720498][bookmark: _Toc330368568][bookmark: _Toc475370645][bookmark: _Toc354300416][bookmark: _Toc484692222][bookmark: _Toc494123277]Bridges where inertial seismic action is dominant 
(1) Seismic analysis to determine the force and/or deformation effects should be performed according to 6. For soil structure interaction effects, prEN 1998-2:2023, 5.1.1(13), should be applied.
(2) The resistance of existing, modified or new members should be assessed according to 8 and 9 for concrete and steel/composite bridges, respectively.
(3) In non-linear analysis, non-linear modelling may be limited to bridge components that are expected to yield (usually the piers and/or bearings with non-linear behaviour), while the other components may be modelled as elastic.
(4) If the verification is carried out with the displacement-based approach, deformation effects should be obtained from an analysis of the structural model wherein the effective stiffness of each member with a non-linear behaviour is defined according to Clauses 6 and 8.3 (for concrete bridges). For members with a linear behaviour, the stiffness of the uncracked sections should be used with the exception of torsional stiffness where the value defined in prEN 1998-2:2023, 5.1.1(8), may be used.
(5) Material properties and deformation capacities of the members with a non-linear behaviour (members under flexure with or without axial force) should be estimated according to (3) and (4), and Clauses 8 and 9 for the considered Limit States. For members with a linear behaviour, bending moments should not exceed the yield moment, My, using the stiffness of uncracked sections.
(6) The action effects for the shear verification of a member should be the shear forces from non-linear analysis. In linear analysis, shear forces should be estimated according to prEN 1998-2:2023, 6.3.2. The axial force of piers may be taken to be constant, corresponding to the deck reactions to permanent and quasi-permanent loads included in the seismic combination where the horizontal seismic action is predominant.
[bookmark: _Toc483244105][bookmark: _Toc483245147][bookmark: _Toc483246239][bookmark: _Toc484517645][bookmark: _Toc484692223][bookmark: _Toc484693264][bookmark: _Toc484694357][bookmark: _Toc484700197][bookmark: _Toc486860844][bookmark: _Toc486926224][bookmark: _Toc486967432][bookmark: _Toc487011293][bookmark: _Toc20932523][bookmark: _Toc96792664][bookmark: _Toc132813509][bookmark: _Toc119720499]Backfilled bridges where kinematic seismic action is dominant.
(1) A realistic estimation of the seismic action effects for these bridges requires consideration of soil-structure interaction and of the dependence of earth pressures on the back faces of the abutments on the compatibility of deformation between soil and bridge. The analysis methods in prEN 1998-2:2023, 10 should be applied.
NOTE	The monolithic connection in conjunction with the fact that the main part of the seismic action induced is due to earth pressures acting on the back faces of the abutments, result in a favourable seismic behaviour of these structures. In fact, the inertial effects of the deck slab and the abutment walls, unlike the usual case where they dominate the seismic response of the bridge, have here only a secondary influence. The main part of the seismic response is predominantly due to the compatibility of the seismic motion between structure and earth/embankment fill (kinematic effect) at their interfaces on the back faces of the abutment walls during the seismic motion of the ground.
(2) Assessment or intervention in the abutment backfills may require special strategies, taking into account the serious limitation due to traffic suspension even for retrofitting relatively small bridges. Such special strategies may entail either a) or b):
a) allow all structural members to be designated as secondary seismic;
b) adopt the verification in global terms as per 6.5.2.4.
NOTE 1	From a practical point of view, access to the back faces of the abutments either for investigation or, even more, for potential intervention, is very difficult.
[bookmark: _Hlk95731548]NOTE 2	prEN 1998-2:2023, 10.3.2, provides guidance on analysis according to the force-based approach. The q value therein is consistent with an intended non-dissipative behaviour for new structures of this type due to difficulty of repair (prEN 1998-2:2023, 10.2(7)). The displacement-based approach in prEN 1998-2:2023, 10.3, is preferred for the assessment of existing structures of this type.
[bookmark: _Toc330368570][bookmark: _Toc475370647][bookmark: _Toc354300418][bookmark: _Toc484692225][bookmark: _Toc494123279][bookmark: _Toc20932524][bookmark: _Toc96792665][bookmark: _Toc132813510][bookmark: _Toc119720500]Design of structural interventions
(1) The general procedure for retrofit design defined in Clause 7 should be applied to bridges. The provisions of prEN 1998-2:2023, 8, concerning bridges equipped with antiseismic devices should be applied.
(2) Existing, modified and new members should be verified according to EN 1998-2.
(3) In designing an intervention scheme, a) to c) should be taken into account:
a) all deficiencies in the resistance of primary seismic members (i.e. bearings, piers, abutments, foundations) should be remedied by suitable interventions including either retrofitting or reduction of actions effects;
b) interventions in decks should remedy deficiencies related to permanent actions and may also be necessary to avoid kinematic problems (i.e. impact, loss of support, etc.);
NOTE 1	The deck usually is not critically stressed by an earthquake, except in some cases of prestressed decks subjected to the vertical component.
c) a strategy of seismic retrofitting which does not require retrofitting of foundations should be preferred.
NOTE 2	Retrofitting of foundations is much more expensive and cumbersome than retrofitting of piers. Inspection of strengthened foundations after earthquake is also cumbersome.
(4) Intervention on the earthquake resisting system may be performed by one or more of the procedures described in a) to c):
a) increasing the resistance of the critical members through retrofitting;
b) reducing the design seismic forces through seismic isolation, supplementary damping devices or using additional load-carrying members in a pier;
c) reducing earth pressure and/or adding anchoring for the abutments and retaining structures.
[bookmark: _Toc330368571][bookmark: _Toc475370648][bookmark: _Toc354300419][bookmark: _Toc484692226][bookmark: _Toc494123280][bookmark: _Toc20932525][bookmark: _Toc96792666][bookmark: _Toc132813511][bookmark: _Toc119720501]Intervention on piers 
(1) Intervention on piers may include a) to e):
a) complete or partial replacement;
b) addition of supplemental pier contributing to seismic resistance;
c) shear and/or flexural retrofitting;
d) improvement of pier ductility through confinement;
e) reduction of action effects on the pier through seismic isolation.
(2) Reinforced concrete pier retrofitting techniques (see 8.6) may include steel jacketing, reinforced concrete jacketing, FRP jacketing, active confinement by prestressing. Retrofitting techniques which increase the ductility and/or strength of the piers but do not substantially affect their stiffness, should be generally preferred, as they do not entail an increase of the seismic action.
(3) Pier to deck and pier to foundation joints should be checked and strengthened when necessary.
[bookmark: _Toc330368572][bookmark: _Toc475370649][bookmark: _Toc354300420][bookmark: _Toc484692227][bookmark: _Toc494123281][bookmark: _Toc20932526][bookmark: _Toc96792667][bookmark: _Toc132813512][bookmark: _Toc119720502]Intervention to foundations
(1) The potential effects of soil liquefaction, lateral spreading with or without associated liquefaction or cyclic softening and landslides should be addressed according to EN 1998-5.
(2) Foundations should be verified and when necessary retrofitted to prevent flexural, shear and sliding failure.
(3) Intervention on foundations may include a) to e):
a) enlargement of existing foundation members;
b) shear and/or flexural strengthening;
c) addition of piles or micropiles and/or soil- or rock-anchors;
d) improvement of the critical soil volume (jet grouting, injection etc.);
e) complete or partial replacement.
[bookmark: _Toc330368573][bookmark: _Toc475370650][bookmark: _Toc354300421][bookmark: _Toc484692228][bookmark: _Toc494123282][bookmark: _Toc20932527][bookmark: _Toc96792668][bookmark: _Toc132813513][bookmark: _Toc119720503]Intervention on abutments and retaining structures 
(1) Retrofitting of abutments may be achieved as for piers (see 12.6.1) and foundations (see 12.6.2). Abutments may also be retrofitted by reducing earth pressures induced by the backfill.
NOTE	Since a very significant part of the abutment and retaining structures loading is due to the earth fill behind the abutment (backfill), both in the form of vertical load and horizontal earth pressures, a simple and efficient way for retrofitting an abutment is to reduce these loads.
(2) Intervention on abutments and retaining structures may include a) to e):
a) shear and/or flexural strengthening;
b) provision of longitudinal support to the top of the abutment by connection to piles constructed behind the abutment acting in bending. The connection may be either by an ad-hoc tensile member or through a slab;
c) adding soil or rock anchors. The anchors should extend at a sufficient distance into the backfill to avoid being affected by the backfill movement during an earthquake;
d) replacing part of the earth fill with special foams (like expanded polystyrene – EPS) or with reinforced soil;
e) complete or partial replacement.
[bookmark: _Toc330368574][bookmark: _Toc475370651][bookmark: _Toc354300422][bookmark: _Toc484692229][bookmark: _Toc494123283][bookmark: _Toc20932528][bookmark: _Toc96792669][bookmark: _Toc132813514][bookmark: _Toc119720504]Intervention to bearings 
(1) Interventions to bearings may be required to assure that forces of the deck are effectively transmitted to the piers and abutments.
(2) Intervention to bearings may include a) to c):
a) replacement and/or retrofitting of existing bearings;
b) replacement of existing (common) bearings with seismic isolation bearings;
c) addition of energy dissipation devices and/or shock transmission units.
[bookmark: _Toc20932529][bookmark: _Toc96792670][bookmark: _Toc132813515][bookmark: _Toc119720505]Intervention to deck 
(1) Intervention on the deck may be required to assure that inertial forces in the deck are effectively transmitted to the bearings and the piers.
(2) Deck unseating from its supports should be prevented.
(3) Intervention to the deck may include a) to g):
a) reduction of dead load;
b) providing horizontal longitudinal continuity to avoid impacts or deck unseating and securing a better distribution of the seismic force at the supports;
c) retrofitting the deck;
d) retrofitting the deck-pier joint to restrict plastic hinges to the piers;
e) pier crossbeam strengthening and/or stiffening;
f) increasing the overlap length between the deck and its supporting elements (piers or abutments);
g) use of restrainers for horizontal and/or vertical motion;
h) complete or partial replacement.
[bookmark: _Toc132813516][bookmark: _Toc119720506]
(informative)

Preliminary analysis
[bookmark: _Toc132813517][bookmark: _Toc119720507]Use of this annex
1. This Informative Annex provides complementary / supplementary guidance to 5.4.2 for preliminary analysis.
NOTE	National choice on the application of this Informative Annex is given in the National Annex. If the National Annex contains no information on the application of this informative annex, it can be used.
[bookmark: _Toc132813518][bookmark: _Toc119720508]Scope and field of application
(1) [bookmark: _Toc64408833][bookmark: _Toc85833663]This Informative Annex contains information on how to perform a preliminary analysis for one or both of goals in a) and b):
a) assisting the planning of inspections and material testing programme and focus them on the most relevant portions of the structure and to acquire knowledge of the most significant structural aspects of the building or bridge under examination;
b) establishing applicability of verification of the Significant Damage LS via the q-factor approach, in lieu of the Near Collapse one.
(2) Information is provided for reinforced concrete and masonry structures.
[bookmark: _Toc475370654][bookmark: _Toc354300425][bookmark: _Toc494123286][bookmark: _Toc20932532][bookmark: _Toc132813519][bookmark: _Toc119720509]Reinforced concrete structures
(1) For reinforced concrete structures, preliminary analysis may be carried out as a lateral force analysis, when applicable, or a multi-mode response spectrum analysis, with unreduced-elastic response spectrum, with a simplified resistance evaluation. The purpose of this analysis is to evaluate the distribution of inelastic demand throughout the structure, in order to identify areas where ductility demand is expected to be higher.
(2) Mean material properties to be used in the model and for resistance evaluation according to A.3 should be taken equal to typical (mean) values for materials used at the time of construction. Cracked stiffness in the model may be taken equal to 25% of gross.
NOTE 1	Typical values for material properties by age of construction to be used in preliminary analysis can be found in the National Annex.
NOTE 2	The preliminary analysis described in this Annex is displacement-based. Action effects are in terms of chord rotations. For this reason, the cracked to initial stiffness ratio is lower than the common 50% used to get conservative estimates of forces. The value of 25% is an average value for effective (secant to yield) to initial stiffness ratio.
(3) If preliminary analysis is undertaken to identify critical areas where to focus further inspections on materials and details (as in A.2(1) a)), masonry infills may be included in the model and should always be included in the case of infills irregularly distributed along the height of the building.
NOTE	In case of (3), inclusion of masonry infills is recommended. For buildings, masonry infills generally alter the pattern of deformation throughout the structure, and especially so when the distribution is not regular (e.g. in pilotis frame buildings).
(4) Since the model is linear, when infills are included and modelled as equivalent struts according to 11.3.4 they should be included as two linear struts each with 50% stiffness.
(5) If the purpose of the preliminary analysis is to establish applicability of the q-factor approach (as in A.2(1) b)), infills should not be included in the linear model.
(6) For the purpose of preliminary analysis, the ductility ratio should be defined as the ratio of chord rotation demand to yield chord rotation, as given by Formula (A.1).
	(A.1)
(7) The action effect  in Formula (A.1) should be determined from the analysis, using the seismic action for the Near Collapse LS. For buildings, if the structure has been designed for permanent actions only, or for seismic forces but without capacity design, resulting in a strong beam weak column system, evaluation of  may be limited to columns and walls. For columns, the chord rotation demand may be approximated by the drift ratio. For bridges, the evaluation of action effect  may be limited to bridge components that are allowed to yield (usually the piers and/or bearings).
(8) The yield chord rotation in Formula (A.1) should be determined by Formula (A.2) as double the flexural contribution, to account for the contributions to deformation of slippage and shear.
	(A.2)
where
	y
	is the yield curvature, equal to:

	
	= 1,75 fy/(Esh) for beams and columns with rectangular cross section,

	
	= 1,57 fy/(Esh) for beams and columns with T, U, H or hollow-core rectangular section,

	
	= 1,44 fy/(Esh) for walls,
= 2,25 fy/(EsD) for circular columns with diameter D.


NOTE	These expressions require knowledge only of the concrete section geometry (not of the reinforcement) and of an assumed nominal value of yield deformation for steel.
(9) For buildings, each storey should be assigned a weighted average value of the ductility ratio according to Formula (A.3).
	(A.3)
where Vki is the shear force carried by the i-th column of the k-th floor. The floor(s) with the largest value of k should be designated as the critical one(s) and a higher KL should be sought for it (them). Formula (A.3) should not be applied to bridges, wherein the lowest among the ductility ratios calculated for each pierspier should be used in each direction.
[bookmark: _Toc475370655][bookmark: _Toc354300426][bookmark: _Toc494123287][bookmark: _Toc20932533][bookmark: _Toc132813520][bookmark: _Toc119720510]Masonry structures
(1) For masonry structures, preliminary analysis should be carried out using a non-linear static (pushover) analysis.
NOTE	This method shows more clearly the seismic behaviour of a building at the ULS. 
(2) The purpose of the analysis should be to identify a) to e).
a) the most important walls in the two directions of verification;
b) the potential role of diaphragms;
c) the global failure mode in relevant walls (depending on the relative stiffness/strength of piers and spandrels);
d) the critical areas where investigations should be focussed;
e) the prevailing failure mechanisms in masonry members (in order to know which parameters are needed for failure criteria).
(3) A reliable model should be established by knowing the geometry of masonry members (piers and spandrels), by assuming reference values for the material properties and by considering rigid diaphragms.
(4) Eight pushover analyses should be performed by considering: i) two orthogonal directions of the seismic action, each one in the positive and negative sense; ii) two different load patterns.
(5) The first parameter of the response to be analysed, as a function of the control displacement, should be the ratio w of shear force at the base of each wall Vw, to the total base shear Vb, as given by Formula (A.4).
	(A.4)
The critical walls should be identified as those for which vw  0,2 and/or that present a significant redistribution of seismic actions, from the initial elastic response until the ULS (e.g. |vw,ULS – vw,0|  0,1). In this latter case, horizontal diaphragms should be considered as critical members, and should be properly modelled and verified.
(6) For each of the critical walls, as a result of (5), the critical storey should be identified as the one characterised by the most demanding interstorey drift ratio w,i. In the case of walls with an almost regular pattern of openings, the average rotation rw,i (rw,i-1) of nodes should be calculated, at each level i and j, in the equivalent frame model (masonry parts at the intersection between piers and spandrels– see 11.3.1(3)), in order to calculate the interstorey drift ratio w,i at level i, as given by Formula (A.5)
	(A.5)
and the average drift of spandrels at level i by Formula (A.6).
	(A.6)
where, in wall w at level i:
	L
	is the mean distance between nodes;

	Hs
	is the mean span of spandrels.


(7) Once the critical storey i for wall w has been identified, the prevailing wall seismic behaviour may be identified as in a) or b).
a) if w,i < Sw,i a weak spandrel behaviour is foreseen and these members may be investigated with lower accuracy and, eventually, may be neglected in the model;
b) if w,i > Sw,i a strong spandrel behaviour is foreseen and the features of spandrels should be investigated, both in terms of details (characteristics of lintels, interlocking with nodes) and material properties; in that case, also spandrels should be considered as critical members.
(8) Depending on the prevailing failure modes of piers in the critical areas (important walls and critical storeys), direct testing of compressive strength (in the case of flexural modes) or shear strength (in the case of shear sliding or diagonal cracking) should be performed.
(9) In addition to the preliminary analysis that involves a single model, a sensitivity analysis should be performed when it is expected that epistemic and/or aleatory uncertainties affect the identification of the important walls and critical storey.
NOTE	For example, the following aspects can be relevant: the direction of loading of the floors, the stiffness of horizontal diaphragms, the presence and effectiveness of reinforced concrete ring beams or tie rods, the relative strength/stiffness of different types of masonry in the building.
[bookmark: _Toc423351916][bookmark: _Toc132813521][bookmark: _Toc119720511]
(informative)

Supplementary information for concrete structures
[bookmark: _Toc132813522][bookmark: _Toc119720512]Use of this informative annex
1. This Informative Annex provides complementary/supplementary guidance to Clause 8 for reinforced concrete structures.
NOTE	National choice on the application of this Informative Annex is given in the National Annex. If the National Annex contains no information on the application of this informative annex, it can be used.
[bookmark: _Toc132813523][bookmark: _Toc119720513]Scope and field of application
1. This annex contains additional recommendations for the assessment and the design of the retrofitting of concrete structures in seismic regions.
[bookmark: _Toc475370660][bookmark: _Toc354300431][bookmark: _Toc494123292][bookmark: _Toc20932536][bookmark: _Toc132813524][bookmark: _Toc119720514]Prediction of ultimate chord rotation at the end of a column with continuous or lap-spliced smooth (plain) bars, section consisting of rectangular parts and/or FRP
(1) As for multi-storey columns in buildings, lap-spliced at floor levels, Formulas (8.17) to (8.19) and (8.66), normally give very safe-sided predictions, the resulting conservatism may be reduced if the full length of column bars (equal to the story height plus the lapping) is used in prEN 1998-1-1:2022, Formula (7.5), as shear span, instead of one-half the storey clear height.
NOTE 1	If this procedure is used, the conservatism is reduced, but not eliminated.
NOTE 2	(2) gives alternatives to Formulas (8.30) to (8.32) and (3) gives an alternative to (8.66), with exceptions in (4).
(2) The ultimate chord rotation at the top and bottom of the column in storey i, may be obtained from Formulas (B.1) and (B.2) (see Figure 8.4).
	(B.1)
	(B.2)
where
	A
	= ϕu,i - ϕy,i

	B
	= (Hi - hb,i)/2

	C
	= lo,i+1 +hb,i

	D
	= (Hi - hb,i)/zi + zi/(Hi - hb,i)

	E
	= ϕu,i-1 - ϕy,i-1

	F
	= (Hi-1 + hb,i-1)/2

	y and u
	are the curvature at yielding and ultimate conditions;

	u
	is the ratio of the neutral axis depth to the effective depth d, at ultimate condition;

	y, u and u
	may be calculated assuming that:
i. plane sections remain plane,
ii. the behaviour is linear elastic till yielding, non-linear thereafter;

	fy,i, u,i and u,i
	should be calculated using the geometry, reinforcement and axial force of column in storey i, whereas y,i-1, u,i-1 and u,i-1 should be calculated using the geometry and the axial force of column in storey i and the reinforcement of column in storey i-1, taking into account the effects of the lap splice; both bars in a pair of lapped compression bars may count as compression reinforcement;

	alap,i
	is the reduction factor due to lap-splicing given by Formula (B.3) or (B.4), according to a) or b):
for ends with hooks:


	(B.3)
	
	for straight ends:


	(B.4)
(3) If FRP jackets of length Lf cover each end region of column i, the ultimate chord rotations at these end regions may be taken as given by Formulas (B.5) and (B.6).
	(B.5)
	(B.6)
where
	G
	= Lf/(Hi – hb,i)

	u,c and u,c
	are the ultimate curvature and the corresponding normalised neutral axis depth of the section with FRP wrapping and should be taken to apply within the length Lf;

	u and u
	are the values for the section without FRP wrapping;

	alap,FRP,i
	is given by Formula (B.7) or (B.8), according to a) or b):
1. if the lapped bars have hooks at their ends:


	(B.7)
	
	if the lapped bars have straight ends:


	(B.8)
(4) At the top of the uppermost storey (indexed by i = m), lo,i+1 = 0 should be used in Formulas (B.1) and (B.5). At the bottom of the lowermost storey (i = 1), Formula (B.2) should be replaced by Formula (B.9) and Formula (B.6) should be replaced by Formula (B.10).
	(B.9)
	(B.10)
[bookmark: _Toc132813525][bookmark: _Toc119720515]
(informative)

Supplementary information for timber structures
[bookmark: _Toc132813526][bookmark: _Toc119720516]Use of this annex
(1) This Informative Annex provides complementary / supplementary guidance to Clause 10 for timber structures, in particular for the retrofitting of traditional timber connections (the so-called carpentry connections).
NOTE	National choice on the application of this Informative Annex is given in the National Annex. If the National Annex contains no information on the application of this informative annex, it can be used.
[bookmark: _Toc132813527][bookmark: _Toc119720517]Scope and field of application
NOTE	Traditional timber connections, also called carpentry connections, are well designed for the transmission of compression loads. Most of these connections are not suitable for transferring tension. 
(1) If the seismic action effects, determined in the force-based approach with q = 1,5, induce tension in connections, reinforcement has to be added as shown in Figures C.1 and C.2.
NOTE	The reinforcement is not intended for strengthening. The reinforcement is meant for structural integrity.
(2) Post-elastic capacity should be enhanced, and brittle failure should be avoided. To this end, care should be taken to avoid introducing brittle modes of failure in the timber or in the metal elements.
(3) Gluing of wood should not be used in the joint area. The joint area may be assumed to extend two times the depth (h or h’, figures C.1 and C.2) of each timber member connected to the joint, starting from the end of the joint. The connection of prostheses to the repaired timber member by means of glued-in steel rods should be accomplished away from the joint area.
NOTE	Brittleness can be introduced by glue.
(4) Metal connectors with welded parts should not be used.
(5) Stiffness increase caused by retrofit should be accounted for in the analysis.
(6) Brittle failure modes should be verified in the retrofitted structure.
NOTE	Brittle failure modes can occur at critical locations like the chord heel of a rafter-to-chord joint that is also particularly prone to biotic attack. The heel can fail in sliding shear due to the horizontal force from the rafter, especially for low connection angles, short heel length e (figures C.1 and C.2) and/or biotic attack. This failure mode can be prevented by adding new screws (or glued-in steel rods) in the heel zone.
(7) The consequences of increased connection stiffness should be taken into account, in particular the possible introduction of new brittle failure modes.
(8) If screws are inserted to prevent the brittle failure in shear of the chord heel, screws should be designed to withstand the full shear action. The rules defined in prEN 1995-1-1 for timber-to-timber connections with screws should be applied. For the full threaded screws used for reinforcement, a) to c) should be verified:
a) d ≤ 12 mm;
b) spacing parallel to the grain a ≥ 10d;
c) penetration length ≥ 8d.


Key
	R
	reinforcement


Figure C.1 — Example of reinforcement to be applied to the 
single-step connection


Key
	R
	reinforcement


Figure C.2 — Example of reinforcement to be applied to the 
double step connection
[bookmark: _Toc132813528][bookmark: _Toc119720518]
(informative)

Supplementary information for masonry buildings
[bookmark: _Toc132813529][bookmark: _Toc119720519]Use of this annex
1. This Informative Annex provides complementary/supplementary guidance to Clause 11 for masonry structures.
NOTE	National choice on the application of this Informative Annex is given in the National Annex. If the National Annex contains no information on the application of this informative annex, it can be used.
[bookmark: _Toc132813530][bookmark: _Toc119720520]Scope and field of application
(1) This annex contains additional information for the assessment and retrofitting of masonry buildings in seismic regions.
(2) The recommendations of this annex are applicable to concrete, brick or stone masonry lateral force resisting members, within a building system in unreinforced, confined or reinforced masonry.
[bookmark: _Toc475370665][bookmark: _Toc354300436][bookmark: _Toc494123297][bookmark: _Toc20932545][bookmark: _Toc132813531][bookmark: _Toc119720521]Classification of masonry types not conforming to EN 1996-1-1 and reference values for the material properties
(1) Material properties in pre-modern masonry buildings depend on different features, the most important ones being given in a) to e):
a) properties of the components (stone or brick blocks, mortar);
b) size and shape of blocks;
c) interlocking between blocks (masonry pattern); 
d) composition through thickness (one-, two- or three-leaf masonry) and transversal connection; 
e) properties of the inner core (in the case of three-leaf masonry).
(2) In pre-modern masonry buildings, masonry types may be identified, according to the characteristics of masonry units and their arrangement. Reference values of the material properties (mean and c.o.v.) may have been derived from past tests, which may be directly used for the assessment when no direct testing is performed, or may be assumed as an a priori probabilistic distribution to be used for Bayesian updating after the results of tests are available.
NOTE 1	EN 1996-1-1 addresses the design of new masonry buildings and provides material properties in the case of certified masonry units. No mechanical model is available to derive material properties of traditional masonry from those of the components, in particular when masonry units are not regularly shaped.
NOTE 2	Direct measurement of material properties in pre-modern masonry buildings is problematic due to the invasiveness, low reliability and high cost of testing.
NOTE 3	In the case of pre-modern irregular masonry buildings (various stone masonry units, differently cut and dressed, and/or poor-quality mortar), a classification of masonry types can be defined, with specific reference values. 
(3) The mechanical properties in Table D.1 should be considered for the failure criteria of masonry panels given in 11.4.1.1. The mean value may be modified based on the coefficients in Table D.2, while maintaining the coefficient of variation unaltered. The combination of more than one correction factors should be obtained by multiplying all partial coefficients.
[bookmark: _Ref328642465]NOTE	Values in Table D.1 are basic values for masonry structures not complying with specific rules of good practice (such as, for example, the presence of a good transversal connection, good quality mortar, etc.).
Table D.1 — Reference values for mechanical properties of different masonry types: mean values and coefficient of variation
	Type of masonry
	f
[MPa]
	ft
[MPa]
	fv0
[MPa]
	E
[MPa]
	G
[MPa]
	w
[kN/m3]

	Irregular stone masonry, rubble masonry 
	mean
	1,5
	0,039
	-
	870
	290
	19

	
	c.o.v.
	0,29
	0,24
	-
	0,21
	0,21
	

	Roughly dressed stone masonry, with wythes of irregular thickness 
	mean
	2,5
	0,065
	-
	1230
	410
	20

	
	c.o.v.
	0,20
	0,19
	-
	0,17
	0,17
	

	Split hard stone masonry with good texture 
	mean
	3,2
	0,097
	-
	1740
	580
	21

	
	c.o.v.
	0,19
	0,14
	-
	0,14
	0,14
	

	Masonry of irregular soft stone (e.g. tuff, calcarenite)
	mean
	1,8
	0,052
	-
	1080
	360
	13 to 16

	
	c.o.v.
	0,23
	0,14
	-
	0,17
	0,17
	

	Regular masonry of cut, soft stone (e.g. tuff, calcarenite)
	mean
	2,6
	-
	0,145
	1410
	470
	

	
	c.o.v.
	0,23
	-
	0,31
	0,15
	0,15
	

	Squared hard stone masonry, ashlar masonry 
	mean
	7,0
	-
	0,220
	2800
	860
	22

	
	c.o.v.
	0,14
	-
	0,14
	0,14
	0,09
	

	Solid clay brick masonry and lime mortar 
	mean
	3,4
	0,114
	0,160
	1500
	500
	18

	
	c.o.v.
	0,26
	0,21
	0,21
	0,20
	0,20
	

	Lightly perforated clay brick masonry (volume of all holes ≤ 40%) with cement-lime mortar 
	mean
	6,5
	-
	0,280
	4550
	1138
	15

	
	c.o.v.
	0,24
	-
	0,14
	0,24
	0,24
	

	f: compressive strength of masonry; ft: diagonal tensile strength of masonry; fv0: initial shear strength of masonry; E: modulus of elasticity; G: shear modulus; w: weight density of masonry


Table D.2 — Correction (multiplier) coefficients for strength properties
	Type of masonry
	Good mortar (*)
	Regular alignments
	Transversal connection

	Irregular stone masonry 
	1,5
	1,3
	1,3

	Roughly cut stone masonry, with wythes of irregular thickness
	1,3
	1,2
	1,5

	Uncut stonework with good texture
	1,4
	1,1
	1,3

	Masonry of irregular soft stone blocks 
	1,5
	1,2
	1,3

	Regular masonry of soft stone blocks
	1,6
	-
	1,2

	Squared stone masonry
	1,2
	-
	1,2

	Solid brick masonry and lime mortar
	1,5
	-
	1,3

	Semisolid brick masonry with cement-lime mortar (perforations < 40%)
	1,2
	-
	-

	* Correction coefficients are applied also to elastic moduli


(4) Values in Table D.1 should be used for masonry panels in which the inner core is absent or of negligible thickness. In the other cases, the characteristics of the inner core should be assessed, and equivalent material properties should be derived, related to the total thickness t of the masonry panel, by means of a homogenisation procedure. The modulus X (E or G) should be directly obtained from Formula (D.1).
	(D.1)
where
	t1 and t3
	are the thickness of the two external wythes (which may be made of a different masonry type);

	t2
	is the thickness of the inner core (t = t1+t2+t3);

	X1, X2 and X3
	are the moduli of the three different wythes.


(5) The compressive strength should be taken as given by Formula (D.2).
	(D.2)
where strain r should be calculated at the attainment of maximum strength of the weakest external wythe, as given by Formula (D.3).
	(D.3)
In (D.2) and (D.3), f1 and f3 are the compressive strengths of the external wythes and f2 is compressive strength of the core.
(6) In the case of inner core of negligible material properties, the equivalent properties of the masonry panel should be directly obtained from those of the external wythes by multiplying them with the ratio between the effective thickness and the total thickness (t-t2)/t.
(7) In the case of direct testing a more reliable estimate of the mechanical properties of strength and stiffness in the building may be achieved by means of a Bayesian update of the a-priori distribution given in Table D.1, which considers a) to d):
a) Mean  and standard deviation  of the a-priori distribution (from Table D.1);
b) n number of direct tests carried out;
c)  and  are the mean and standard deviation of the experimental results (in the case n = 1 it is assumed that  = );
d)  is the standard deviation due to uncertainty of the testing method.
(8) The updated mean value and standard deviation, to be used in the assessment, should be taken as given by Formulas (D.4) and (D.5).
	(D.4)
	(D.5)
where  is given by Formula (D.6), assuming that testing error  and variability in the building are statistically independent ( of the a-priori distribution is taken from Table D.1).
	(D.6)
(9) The value of  in (7) should be estimated from test results or may be assumed in the range between 0,5 to 1,2, depending on the homogeneity of masonry.
NOTE	 depends on the variability () of the mechanical property in the building, with respect to the dispersion within the whole masonry type ( of a-priori distribution from Table D.1). It is usually less than 1 and is smaller when the masonry is homogenous within the building.
(10) Values of  in (7) may be taken from Table D.3 for the most widely used direct methods of in situ testing. In the case of laboratory tests on specimens taken in situ, unaltered and of significant size, the error may be considered equal to the one of the corresponding in situ test of masonry panel.
NOTE	The value of ’ is strictly related to the accuracy of the testing procedure (experimental test and correlation with the mechanical property).
Table D.3 — Coefficient for the evaluation of the uncertainty of the widely used testing methods for the direct measurement of mechanical properties of masonry
	Testing method
	Parameter
	κ'

	Direct compressive test (on a small masonry panel)
	E
	0,75

	
	f
	0,50

	Double flat jack test 
	E
	1,0

	
	f (*)
	1,5 (*)

	Sheppard test or equivalent test with fixed compression and shear (on a small masonry panel)
	G
	0,75

	
	ft - fv0
	0,50

	Diagonal compression test
	G
	1,0

	
	ft
	0,5

	Direct shear test on a mortar joint or local assemblage (**)
	fv0
	1,5

	Laboratory tests on single components (***)
	f
	0,75

	* The double flat jack test allows to estimate the masonry elastic modulus E, but the evaluation of the masonry compressive strength is usually problematic. Knowing that there is an empirical linear correlation between the modulus E and the average compressive strength (that may be inferred for each masonry type from the values in Table D.1), the result of the double flat jack test may give an indirect estimate of f, which may be used for the Bayesian update but with the increased value ’=2.
** In this case, the value of ’ is high due to the dispersion of the correlation law between local measurement of the shear strength in the joint and that of the masonry panel. 
*** In the case of squared stone blocks, solid bricks or hollow blocks it is assumed that the compressive strength of masonry f may be evaluated from the results of tests on the single components, by using the formulation in EN 1996-1-1.


[bookmark: _Toc475370667][bookmark: _Toc354300438][bookmark: _Toc494123298][bookmark: _Toc20932546][bookmark: _Toc132813532][bookmark: _Toc119720522][bookmark: _Toc475370666][bookmark: _Toc354300437]Reference values for the equivalent in-plane stiffness of horizontal diaphragms of different types
(1) When horizontal diaphragms are modelled as stiff, the in-plane stiffness should be defined, which may be obtained from a specific experimental campaign, in situ or in the laboratory on a representative mock-up, or by a detailed model, which considers the single components and the connections between them and with the masonry walls. In the absence of these accurate evaluations, reference values of in-plane stiffness for the most common types of horizontal diaphragms may be taken from Tables 10.7 and D.4.
(2) Reference values for some types of timber floors may be taken from Table 10.7. The horizontal diaphragm may be modelled as a membrane in accordance with the recommendations given in 10.4.2(6). The stiffening contribution provided by retrofitting techniques that are not included in the table should be evaluated based on specific modelling and/or testing.
(3) In the absence of more accurate evaluations, the masonry vault may be modelled as an equivalent horizontal shell, with a representative thickness td (usually the one at the crown of the vault or an average thickness properly evaluated) and a shear modulus Gd. Gd may be obtained from Table D.4 that gives reference values of the ratio Gd/G, where G is the masonry shear modulus. Mean values of G from Tables D.1 and D.2 may be used, eventually by halving the value in order to consider cracked conditions.
NOTE	In the case of masonry vaults, the horizontal shear stiffness is usually influenced by the typology (e.g. pavilion, barrel or cross vault), the geometry (rise over span lr/lv, and thickness), the arrangement of blocks and the mechanical properties of masonry.
Table D.4 — Reference values of the ratio Gd/G for masonry vaults of different types, varying the rise over span ratio
	Type of vault (*)
	Gd/G (*)

	
	Depressed
0,1 < lr/lv < 0,2
	Intermediate
0,2 <  lr/lv < 0,4
	Circular
lr/lv > 0,4

	Cloister or pavilion
	0,76
	0,60
	0,44

	Barrel
	0,70
	0,50
	0,28

	Groined or cross
	0,57
	0,25
	0,08

	* Values in the table refer to vaults with loose filling material and without internal buttresses. In the case of thin vaults, it is suggested to halve values provided by the table, due to the high vulnerability to movement of the abutments, the potential instability of the shape and the sensitivity to thickness.


[bookmark: _Toc494123299][bookmark: _Toc20932547][bookmark: _Toc132813533][bookmark: _Toc119720523]Drift capacity of masonry members in the case of hybrid failure modes
(1) When the minimum shear resistance is different from the one provided by another failure criterion by less than 10%, a hybrid mode of failure may be considered by using a force-deformation relationship in which drift thresholds and strength degradation values result from interpolation between values associated with the two corresponding failure mechanisms.
(2) To perform the interpolation defined in (1), a) and b) should be applied:
a) Ratio  should be calculated using Formula (D.7).
	(D.7)
b) Parameter Z of the force-deformation relationship (drift threshold at a specific limit state or strength degradation ratio) should be as given by Formula (D.8)
	(D.7)
where
	Zf
	is the value of the parameter of the force-deformation relationship in the case of flexural failure;

	Zs/d
	is the value of the parameter of the force-deformation relationship for the case of shear sliding or diagonal cracking failure, depending on the smaller of the two corresponding shear resistances. In the case of diagonal cracking failure, for the evaluation from interpolation of the drift threshold, the member drift threshold d,u (see 11.4.1.2.4) should be made compatible with the chord rotation threshold f,u (see 11.4.1.2.2(1)); compatibility may be achived by multiplying the former by the current ratio in the member i(j)/e (see Formulas (11.13), (11.23) and (11.24)), depending on where the flexural failure is attained (if i or j).


[bookmark: _Toc475370668][bookmark: _Toc354300439][bookmark: _Toc494123300][bookmark: _Toc20932548][bookmark: _Toc132813534][bookmark: _Toc119720524]Reference values for the material properties of strengthened masonry types
(1) For strengthened masonry or when a retrofitting intervention is designed, the values in D.2 (Table D.1 and D.2) may be increased by applying the additional coefficients, based on the selected retrofitting techniques, given in Table D.5 (upper bound values) according to a) to d):
a) Retrofitting by lime mortar grouting: The coefficient in Table D.5, different for every masonry type, should be applied both to strength parameters (f, ft and fv0) and to the moduli (E and G). The percentage increase should be higher when the original mortar parameters are poor;
NOTE 1	The effectiveness of mortar grouting is strictly related to the feasibility of injection, due to the presence of voids, and of adhesion to the components (original mortar and masonry units). To this end, it is recommended to execute preliminary tests to prove the achievable improvement.
b) Retrofitting by reinforced jacketing: The improvement of material properties may be estimated through homogenization models that consider the thickness of the original wall and the added jacketing, as well as the corresponding material properties (Formulas proposed for multi-leaf masonry in D2 (4), (5) and (6) should be used). As an alternative, the coefficient in Table D.5 may be used, depending on masonry type, both for the strength parameters (f, ft and fv0) and the moduli (E and G); in this case, the coefficient related to the original transversal connection (Table D.2), if present, should not be applied;
[bookmark: OLE_LINK24][bookmark: OLE_LINK23][bookmark: OLE_LINK22]NOTE 2	This retrofitting technique is not effective unless regular transversal connecting bars are applied and only partially effective when jacketing is applied only on one side. For the definition of improvement coefficients, it is necessary to consider the characteristics of the used mortar (lime or cement-based) and of the reinforcement (steel or fibre-composite mesh). Finally, for poor masonry with many internal voids it is necessary to combine this technique with mortar grouting.
c) Retrofitting by transversal shear connectors or post-tensioned bars: when transversal shear connectors are used, even with a limited density (one connector every 2 or 3 m2), the coefficient proposed in Table D.2 for transversal connection should be used for all strength material properties;
NOTE 3	In the case of post-tensioned bars, the improvement is obtained only for the compressive strength (f). 
d) Retrofitting by reinforced repointing and combined transversal bars: the coefficient given in Table D.5, depending on masonry type, should be applied both to strength parameters (f, ft and fv0) and to moduli (E and G), in the latter case to a reduced extent of 50%. If the masonry is already provided by transversal connection, the corresponding coefficient in Table D.2 should not be applied for the evaluation of the reference parameters of the starting un-strengthened condition, because the reinforced repointing combined with transversal bars have the same effect. This technique may also substitute on one side the repointing with the fibre-reinforced lime mortar jacketing of limited thickness.
(2) Coefficients proposed in Table D.5 for retrofitting of masonry may be used as reference values, in absence of refined evaluations for the specific case. In the case of techniques slightly different from the ones considered here, the coefficients in Table D.5 may be used as reference values. The combination of more than one correction factor is obtained by multiplying all partial coefficients; the resulting final factor should not exceed the limit value provided in Table D.5 (last column).
Table D.5 — Correction coefficients for increasing material properties after retrofitting
	Type of masonry
	Lime mortar grouting (*)
	Reinforced jacketing (**)
	Reinforced repointing and transversal bars (**)
	Maximum combined factor

	Irregular stone masonry 
	2
	2,5
	1,6
	3,5

	Roughly cut stone masonry, with wythes of irregular thickness
	1,7
	2,0
	1,5
	3,0

	Uncut stonework with good texture
	1,5
	1,5
	1,4
	2,2

	Masonry of irregular soft stone blocks 
	1,4
	1,7
	1,1
	2,0

	Regular masonry of soft stone blocks
	1,2
	1,5
	1,2
	1,8

	Squared stone masonry
	1,2
	1,2
	-
	1,4

	Solid brick masonry and lime mortar
	1,2
	1,5
	1,2
	1,8

	Semisolid brick masonry with cement-lime mortar (perforations < 40%)
	-
	1,3
	-
	1,3

	* The possibility of using the proposed coefficients depends on a preliminary in situ test of the mortar injectability and the attained result, checked by the improved homogeneity proved, for example, by sonic tests.
** Values to be properly reduced in the case of very thick masonry walls (> 0,70 m).


[bookmark: _Toc475370671][bookmark: _Toc354300442][bookmark: _Toc494123301][bookmark: _Toc20932549][bookmark: _Toc132813535][bookmark: _Toc119720525]Repair and retrofitting techniques
[bookmark: _Toc475370672][bookmark: _Toc354300443][bookmark: _Toc494123302][bookmark: _Toc20932550][bookmark: _Toc132813536][bookmark: _Toc119720526]Repair of cracks
(1) If the crack width is relatively small (e.g., less than 10 mm) and the thickness of the wall also relatively small (e.g., less than 600 mm), injections using a compatible hydraulic grout with adequate injectability able to homogenize the masonry structure should be used.
[bookmark: _Hlk118476001]NOTE	The grout must be able to penetrate and fill, under low pressure (<0,75 atm) cracks and discontinuities of the order of the nominal lower width characterising the masonry under repair and strengthening. In case of crack width >5mm, stitching of cracks can be necessary, using adequate blocks of no-shrinking mortars or inox metallic elements.
(2) If the width of cracks is small but the thickness of the masonry is not, hydraulic grouts injectable into fine cracks and discontinuities should be used.
NOTE	Such grouts, adequately designed, are able to penetrate and fill very fine cracks (having a width as low as 0,1-0,2 mm). Usually, ternary grouts (with low cement content (30%) in combination with pozzolan and hydrated lime) or hydraulic lime grouts are used.
(3) If the cracks are relatively wide (e.g., more than about 5 mm), the damaged area should be reconstructed using elongated (stitching) bricks or stones. Otherwise, dove-tailed clamps, metal plates or polymer grids should be used to tie together the two faces of the crack. Voids should be filled with hydraulic mortar of suitable fluidity.
NOTE	Stiches can be applied on both faces of the wall, as well as transversely.
(4) Where bed-joints are reasonably level, the resistance of walls against vertical cracking may be considerably improved by embedding in bed-joints either small diameter stranded wire ropes or polymeric grid strips.
(5) For repair of large diagonal cracks, local reconstruction of the damaged area in case of severe damage, or application of FRP grids on one or two faces using a hydraulic lime mortar for less severe damage, should be used.
NOTE	The use of concrete ribs cast into the masonry is a very invasive intervention, often causing extensive damage in the existing masonry during construction. While its impact on the wall behaviour in case of an earthquake is questionable, as in most cases the surrounding masonry would be damaged.
[bookmark: _Toc475370673][bookmark: _Toc354300444][bookmark: _Toc494123303][bookmark: _Toc20932551][bookmark: _Toc132813537][bookmark: _Toc119720527]Repair and retrofitting of wall intersections
(1) To improve connection between intersecting walls, use should be made of cross- bonded bricks or stones. The connection may be made more effective in different ways given in a) to d):
a) By addition of steel plates or meshes in the bed-joints;
b) Through insertion of preferably inclined steel bars in holes drilled in the masonry and subsequent grouting;
c) Through post-tensioning.
d) Through construction of a reinforced concrete belt; this solution is only recommended for the top of the wall in the form of a tie beam.
[bookmark: _Toc475370674][bookmark: _Toc354300445][bookmark: _Toc494123304][bookmark: _Toc20932552][bookmark: _Toc132813538][bookmark: _Toc119720528]Strengthening and stiffening of horizontal diaphragms
(1) Timber floors may be strengthened and stiffened against in-plane distortion by adopting the retrofitting techniques described in 10.8.2.1.
(2) Roof trusses should be braced and anchored to the supporting walls. A horizontal diaphragm should be created (e.g. by adding bracing) at the level of the bottom chords of the trusses.
NOTE	Out-of-plane rotation of the roof trusses can contribute to the onset of out-of-plane mechanisms of the gable walls. The truss rotation can be effectively limited by stiffening the roof pitches. Solutions such as techniques (a), (b), (c), and (e) described in 10.8.2.1 may be adopted.
[bookmark: _Toc475370675][bookmark: _Toc354300446][bookmark: _Toc494123305][bookmark: _Toc20932553][bookmark: _Toc132813539][bookmark: _Toc119720529]Tie beams
(1) If existing tie-beams between walls and floors are damaged, they should be repaired or replaced. If there are no tie-beams in the original building structure, they should be added.
[bookmark: _Toc475370676][bookmark: _Toc354300447][bookmark: _Toc494123306][bookmark: _Toc20932554][bookmark: _Toc132813540][bookmark: _Toc119720530]Retrofitting of buildings by means of steel ties
(1) Post-tensioned ties may be used to improve the resistance of the walls against tensile stresses.
NOTE	The addition of steel ties, along, or transversely to, the walls, external or within holes drilled in the walls, is an efficient means of connecting walls and improving the overall behaviour of masonry buildings.
[bookmark: _Toc475370677][bookmark: _Toc354300448][bookmark: _Toc494123307][bookmark: _Toc20932555][bookmark: _Toc132813541][bookmark: _Toc119720531]Retrofitting of rubble core masonry walls (multi-leaf walls)
(1) The rubble core may be strengthened by hydraulic grouts injectable into fine cracks and discontinuities.
NOTE	Such grouts, adequately designed, are able to penetrate and fill very fine cracks (having a width as low as 0,1 to 0,2 mm). Usually, ternary grouts (with low cement content (30%) in combination with   pozzolan and hydrated lime) or hydraulic lime grouts are used.
[bookmark: _Toc475370678][bookmark: _Toc354300449][bookmark: _Toc494123308][bookmark: _Toc20932556][bookmark: _Toc132813542][bookmark: _Toc119720532]Retrofitting of walls by means of reinforced concrete jackets or steel profiles
(1) In case of retrofitting by concrete jackets, the concrete should be applied by the shotcrete (sprayed concrete) method and the jackets should be reinforced by welded wire mesh or steel bars.
(2) The jackets may be applied on only one face of the wall, or, preferably, on both. The two layers of the jacket applied to opposite faces of the wall should be connected by means of transverse ties through the masonry. Jackets applied on one face only, should be connected to the masonry by chases. 
(3) Steel profiles may be used, well connected to both faces of the wall or on one face only.
(4) Before the application of reinforced concrete jackets or steel profiles the masonry should be repaired using other adequate techniques (for example hydraulic grouts of high injectability).
[bookmark: _Toc475370679][bookmark: _Toc354300450][bookmark: _Toc494123309][bookmark: _Toc20932557][bookmark: _Toc132813543][bookmark: _Toc119720533]Retrofitting of walls by means of polymer grids jackets
(1) Polymer grids may be used to strengthen existing and new masonry members. In existing members, the grids should be connected to masonry walls from one or both sides and should be anchored to the transverse walls. In new members, the intervention may involve the additional insertion of grids in the horizontal layers of mortar between bricks. Plaster covering polymeric grids should be ductile, preferably lime-cement with fibre reinforcement.
[bookmark: _Toc132813544][bookmark: _Toc119720534]Floor spectral accelerations for masonry buildings
(1) The verification of local mechanisms, which usually occur in the upper part of ancillary masonry walls, as well as of ancillary elements, located at the different levels of the buildings, should be carried out according to prEN 1998-1-2:2023, 7.
(2) The San value at floor j, San,j, in the direction under consideration may be taken as given by Formula (D.9).
NOTE	In the application of prEN 1998-1-2:2023, 7, to the case of local out-of-plane mechanisms, the reference periods for ultimate limit states are usually longer than the fundamental period T1 in the two directions of verification. For this reason, it is sufficient to make reference only to the first modal shape of the building in the considered horizontal direction.
	(D.9)
where
	H
	is the height of the building above the foundations or the top of a rigid basement;

	zj
	is the height of floor j above the foundation or the top of a rigid basement;

	
	is the horizontal elastic response spectrum given in prEN 1998-1-1:2022, 5.2.2.2;

	T1
	is the fundamental period of the building in the considered direction;

	Γ1
	is the participation factor of the fundamental mode in the direction under consideration, which may be taken as given by Formula (D.10).


	(D.10)
where Ns is the number of storeys above the foundation or the top of a rigid basement.
(3) If prEN 1998-1-2:2023, 7.2.1(6), is applied for the verification of local out-of-plane mechanisms, the floor spectra should be calculated with modal parameters (effective period and damping) compatible with the ductility level requested to the main structure for the seismic action corresponding to the attainment of the limit state in the local mechanism.
NOTE	The floor response spectra are strongly influenced by the non-linear behaviour of the main structure. They show a strong amplification in correspondence with the fundamental period of the building when it is elastic, while this peak is concurrently somehow shifted towards larger periods and significantly reduced by the non-linear behaviour. The partial out-of-plane mechanisms can involve significant portions of masonry walls, as for example in the case of a towering part of the façade or a flat belfry in a church. In this case, the sub-structuring approach is not fully legitimate and the dynamic interaction between primary and secondary structures can be considered. 

[bookmark: _Toc132813545][bookmark: _Toc119720535]
(informative)

Flowcharts for the application of this standard
[bookmark: _Toc132813546][bookmark: _Toc119720536]Use of this annex
1. This Informative Annex provides flowcharts for the application of this standard.
NOTE	National choice on the application of this Informative Annex is given in the National Annex. If the National Annex contains no information on the application of this informative annex, it can be used.


Figure E.1 — Overview of the procedure for assessment and retrofitting of buildings and bridges


Figure E.2 — Step-by-step procedure for assessment and retrofitting according to this standard


Figure E.3 — Building types and masonry patterns addressed in this standard


Figure E.4 — Modelling of masonry buildings: global in-plane response and 
partial out-of-plane mechanisms
Table E.1 — In-plane shear resistance of masonry walls
	MASONRY
	WALL MEMBERS
	FLEXURAL
	SHEAR SLIDING
	DIAGONAL CRACKING (pre-modern only)

	REGULAR
(modern &       pre-modern)
	PIERS
	11.4.1.1.2(1)
	11.4.1.1.3(1-3)
	11.4.1.1.4(3)

	
	SPANDRELS
	11.4.1.1.2(4-6)
	-
	11.4.1.1.4(3)

	IRREGULAR
(pre-modern)
	PIERS
	11.4.1.1.2(1)
	-
	11.4.1.1.4(2)

	
	SPANDRELS
	11.4.1.1.2(4-6)
(fht = 0)
	-
	11.4.1.1.4(2)



Table E.2 — In-plane deformation capacities of masonry walls
	MASONRY
	WALL MEMBERS
	FLEXURAL
	SHEAR SLIDING
11.4.1.2.3(1)
	DIAGONAL CRACKING (pre-modern only)

	REGULAR
(modern &       pre-modern)
	PIERS
	0,01(1-)
11.4.1.2.2(1)
	modern: 0,004
pre-modern:
0,008 (sliding)
0,005 (unit failure)
	0,006
11.4.1.2.4(1)

	
	SPANDRELS
	0,016 (good lintel)
0,012 (other cases)
11.4.1.2.2(2)
	-
	0,006
11.4.1.2.4(2)

	IRREGULAR
(pre-modern)
	PIERS
	0,01(1-)
11.4.1.2.2(1)
	-
	0,005 
11.4.1.2.4(1)

	
	SPANDRELS
	0,016 (good lintel)
0,012 (other cases)
11.4.1.2.2(2)
	-
	0,005
11.4.1.2.4(2)





Figure E.5 — Seismic analysis and verification procedures for masonry buildings

[bookmark: _Toc132808388][bookmark: _Toc132813547][bookmark: _Toc445729988][bookmark: _Toc103857781][bookmark: _Toc119720537]Bibliography
References contained in recommendations (i.e. “should” clauses)
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