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Scope
• to increase the capacity of the masonry structure 
• to enhance the structural displacement at failure

Introduction load

displacement

unreinforced
reinforcedcapacity

ductility
Strengthening of historical and 
monumental buildings
• justified and carefully detailed
• in compliance with the theory of restoration

FRP strengthening design criteria
• strengthening on consolidated masonry
• FRP in tension
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Design assumptions
Structural modeling
• (justified) nonlinear / linear / simplified models

Failure modes
• Tensile cracking; crushing; shear-slip; 

FRP rupture; debonding.

Design requirements
• design strain
• ultimate strain (3.5 ‰)
• design stress

• FRP maximum design strain
max{failure, debonding}

stress

strain

masonry
muε mε

mdf
mε
muε

mdf

fdε =

stress

strainfdε

FRP



The Concrete Convention
and Exposition

Elio Sacco
Strengthening of Masonry Structures

Evaluation of debonding strength

 

a+c=bd 

 bf 
 c 

  a 

 

a+c=bd 

 bf 
  a 

  c 

bf a c 

Warning: relevance of masonry-FRP bond
• brittle failure mode

General considerations and failure modes

Design strength for laminate/sheet end debonding

Design strength for intermediate debonding

cracked
masonry

intermediate debonding
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Evaluation of debonding strength
Warning: relevance of masonry-FRP bond
• brittle failure mode
Bond strength with stresses 
perpendicular to the bond surface

Mechanical anchorage devices
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Safety requirements
Strengthening of masonry panels
Strengthening for out-of-plane loads

a) b)

simple overturning

 

checks:
• FRP tensile strength
• Rip-off of FRP from 

orthogonal walls
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Safety requirements
Strengthening of masonry panels
Strengthening for out-of-plane loads vertical flexural failure

check:                       
determined as a function of the 
mechanical characteristics of the 
masonry and FRP, the thickness 
of the masonry panel, the value 
of the applied axial force and the 
partial factor for resistance 
models, that is equal to 1.

Sd RdM M≤

 

(s)
dP

(i)
dP

(s)
s dPα ⋅

(i)
s dPα ⋅

applied FRP
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Safety requirements
Strengthening of masonry panels
Strengthening for out-of-plane loads horizontal flexural failure

applied FRP
flexural check

shear check

tensile check
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Safety requirements
Strengthening of masonry panels
Strengthening for in-plane loads in-plane combined 

bending and axial load
• vertical FRP symmetrically installed on both 

panel sides

mechanical
anchorage

• FRP contribution neglected if mechanical 
anchorage devises are not present.

0.85 mdf

0.6 0.8 x÷
x

position of the 
neutral axis

• simplified procedure to evaluate the combined 
bending and axial capacity: 
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Safety requirements
Strengthening of masonry panels
Strengthening for in-plane loads shear capacity

mechanical
anchorage

• FRP applied to both sides with fibers parallel to 
the shear direction

• formation of truss mechanism 

{ }Rd Rd,m Rd,f Rd,maxmin ;V V V V= +

masonry & FRP 
contributions

failure of the compressed 
strut of the truss

• design shear capacity
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• Formation of hinges generated by the 
negligible tensile strength of the masonry.

• FRP used as external strengthening of a 
structure to prevent the formation of certain 
hinges and failure mechanisms. 

• FRP reinforcement not recommended when 
collapse is controlled by shear failure or 
crushing of the masonry.

• FRP strengthening systems can also improve 
the capacity and stability of non structural 
vaults.

Reinforced barrel vault

Reinforced dome

Strengthening of structural members with 
single or double curvature
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 Arches
• Arch scheme
• Arch-pier scheme

 Single curvature vaults (barrel vaults)
 Double curvature vaults: domes

• Membrane-type stresses
• Flexural-type stresses

 Double curvature vaults on a square 
plane

Reinforced groin vaults

Strengthening of structural members 
with single or double curvature
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Strengthening of structural members 
with single or double curvature

FRP at the intrados 
inhibits the formation of 
the hinge at the extrados

FRP at the extrados
inhibits the formation 

of the hinge at the 
intrados
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Strengthening of structural members 
with single or double curvature

FRP at the intrados inhibits the 
formation of the hinge at the extrados

FRP is not able to inhibits 
shear failure
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Confinement of masonry columns
• FRP sheets installed by 

wrapping of the member
• FRP bars inserted in spread 

holes drilled through the 
member

beneficial effect on the 
lateral strain of the 
column by providing 
tri-axial confinement. 

Design of axially loaded confined members
design axial force due to the applied loads lower than the axial capacity

Sd Rmc,dN N≤ Rmc,d m mcd m md
Rd

1N A f A f
γ

= ⋅ ⋅ ≥ ⋅

1

l,eff
mcd md

md

1 '
f

f f k
f

α  
 = ⋅ + ⋅ 
   

3

2' ,
1000

mgk
α

α  = ⋅ 
 

gm masonry mass-density

design compressive strength
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Confinement of circular columns
Confinement of prismatic columns
• confining pressure
• reduction of the confined volume

arch-effect for rectangular section 
externally wrapped with FRP
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effect of FRP bars for rectangular

Confinement of masonry columns
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Design for seismic applications
Design objectives
• evaluation of seismic safety (verification of limit states)
• methods of analysis
• verification criteria (ductile and brittle members)

Selection criteria for FRP strengthening
• masonry walls shall be connected
• connections between floors/roof and 

vertical elements
• constrained horizontal forces generated 

from roofs, arches, and vaults
• rigid floors
• FRP strengthened members enhancing local ductility
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Installation and construction details
Quality control and substrate preparation
• evaluation of substrate deterioration
• removal and reconstruction of defective masonry supports
• substrate preparation

Recommendations for the installation
• humidity and temperature conditions in the environment and substrate
• construction details
• protection of FRP systems
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Numerical example (Appendix H)

1 3 4 2
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Numerical example (Appendix H)
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Numerical example (Appendix H)
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Numerical example (Appendix H)
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Numerical example (Appendix H)



The Concrete Convention
and Exposition

Elio Sacco
Strengthening of Masonry Structures

Numerical example (Appendix H)
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Numerical example (Appendix H)
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Numerical example (Appendix H)
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Numerical example (Appendix H)
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Thanks for your attention

Elio Sacco
DICeM - University of Cassino & SL

sacco@unicas.it
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