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ACI Committee Reports, Guides, and Commentaries are 
intended for guidance in planning, designing, executing, and 
inspecting construction. This document is intended for the use 
of individuals who are competent to evaluate the signi昀椀cance 
and limitations of its content and recommendations and who 
will accept responsibility for the application of the material it 
contains. The American Concrete Institute disclaims any and 
all responsibility for the stated principles. The Institute shall 
not be liable for any loss or damage arising therefrom.

Reference to this document shall not be made in contract 
documents. If items found in this document are desired by 
the Architect/Engineer to be a part of the contract documents, 
they shall be restated in mandatory language for incorporation 
by the Architect/Engineer.
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This guide addresses the use of externally bonded (EB) fabric-

reinforced cementitious matrix (FRCM) and steel-reinforced grout 

(SRG) systems for repair and strengthening of masonry structures. 

FRCM and SRG are composite materials composed of a reinforce-

ment in the form of open fabric bonded on the masonry surface 

through an inorganic matrix. In particular, the structural reinforce-

ment for FRCM consists of an open grid fabric of continuous 昀椀bers 
made of carbon, alkali-resistant (AR) glass, polyparaphenylene 

benzobisoxazole (PBO), aramid, or basalt 昀椀bers, while SRG systems 
use steel cords of twisted wires arranged to form a unidirectional 
fabric. The matrixes are typically based on combinations of port-

land cement, silica fume, and 昀氀y ash as the binder (cement-based), 
or on natural hydraulic lime (lime-based), or even on geopolymer 

(geopolymer-based). FRCM and SRG systems represent an alter-

native to traditional strengthening techniques such as steel tie 
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rods, section enlargement, or even 昀椀ber-reinforced polymer (FRP) 
systems. FRCM and SRG systems can be used for various struc-
tural purposes—for example, they are used to: 1) increase the load-
bearing capacity of structural members; 2) improve the seismic 
capacity of buildings; 3) counteract speci昀椀c incipient or already 
developed damage; 4) limit opening of cracks; and 5) strengthen 
local weaknesses. Based on experimental research, analytical 
work, and 昀椀eld applications, this guide provides the recommenda-
tions for the design and structural evaluation of FRCM and SRG 
systems according to both American and European existing regula-
tions and guidelines.

Keywords: composites; con昀椀nement; earthquake-resistant; fabric-rein-
forced cementitious matrix; lap splices; mortar matrix; steel-reinforced 
grout; structural analysis; structural design.
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CHAPTER 1—INTRODUCTION

1.1—Introduction

Fabric-reinforced cementitious matrix (FRCM) and steel-
reinforced grout (SRG) composites have recently emerged 
as a viable technology for repairing and strengthening 
masonry structures, as they o昀昀er important advantages in 
terms of tensile strength, weight, and thickness (Triantaf-
illou and Papanicolaou 2005; Barton et al. 2005; Prota et al. 
2006; Papanicolaou et al. 2007a; Borri et al. 2009a; Nanni 
2012; De Luca and Tumialan 2014; de Felice et al. 2014). 
The structural performance of FRCM/SRG, when exter-
nally bonded (EB) to masonry, relies on the capacity of the 
reinforcement to bear the tensile stress, while the compres-
sive stress is carried by the masonry structural element. 
FRCM/SRG systems prove to be competitive for repair, 
retro昀椀t, and rehabilitation of existing masonry structures 
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when compared to conventional techniques, such as steel tie 
rods, section enlargement, and reinforced concrete overlays. 

When compared to 昀椀ber-reinforced polymer (FRP) systems, 
the substitution of the polymeric matrix with an inorganic 

one overcomes some of the limitations of FRP in terms 

of compatibility with the masonry substrate, resistance at 

high temperature, vapor permeability, application on wet 

surfaces, and removability (possibility of being removed 

without signi昀椀cant damage in the original substrate). The 
advantages of FRCM/SRG composites, especially when 

lime-based mortars are used as matrixes, make them suitable 

for the rehabilitation of historic structures and architectural 

heritage (Valluzzi et al. 2014b).

In FRCM/SRG composites, the matrix has both roles 

to cover and protect the reinforcement that is embedded 

inside, and to ensure the stress transfer between the masonry 

substrate and the reinforcement. The matrix is generally 

made of 昀椀ne-grained mortar with a combination of portland 
cement, silica fume, 昀氀y ash, ground-granulated blast furnace 
slag, and natural pozzolan as the binder (cement-based), or 

natural hydraulic lime (lime-based), or even of geopolymers 

(geopolymer-based). Organic components could be also 

added in the matrix to improve the bond and the workability; 

however, they may induce a decrease in vapor permeability 

and 昀椀re resistance.
The fabric consists of an open grid of yarns made of 

carbon, alkali-resistant (AR) glass, basalt, aramid or polyp-

araphenylene benzobisoxazole (PBO)-continuous 昀椀bers. 
Fabrics are usually arranged in two directions by means of 

weaving, knitting tufting, or braiding. The spacing of the 

yarns needs to allow the inorganic matrix to penetrate the 

fabric. When the reinforcement consists of steel cords of 

twisted wires arranged to form a unidirectional fabric, the 

technology is known as SRG (Casadei et al. 2005; Barton et 

al. 2005; Huang et al. 2005; Borri et al. 2011; De Santis and 

de Felice 2015a).

Based on the outcomes of the scienti昀椀c research performed 
in the past 15 years, the structural members strengthened with 

FRCM and with SRG composites have analogous behavior. 

Therefore, the same approach can be used for the design of 

EB reinforcements with FRCM and SRG systems. On the 

other hand, some di昀昀erences exist concerning durability and 
performance under elevated temperatures; the research on 

these issues is ongoing.

This guide is the outcome of the work carried out by the 

ACI 549-L Liaison Committee between ACI Committee 

549, “Thin Reinforced Cementitious Products and Ferroce-

ment,” and RILEM Committee TC 250-CSM (de Felice et 

al. 2018a), “Composites for Sustainable Strengthening of 

Masonry.” The joint committee provides guidance for the 

design of FRCM and SRG systems for repair and strength-

ening of masonry structures, according to both American and 

European approaches. The sections dealing with scienti昀椀c 
background (Chapter 3); 昀椀eld application examples (Chapter 

4); general design considerations (Chapter 6); and reinforce-

ment details and drawing speci昀椀cation (Chapter 11) are 

common to the two approaches (American and European). 

To the contrary, a two-column format is used in the other 

chapters dealing with material characteristics and systems 

quali昀椀cation (Chapter 5), and with the design rules for out-

of-plane strengthening of walls (Chapter 7), for the in-plane 

strengthening of walls (Chapter 8), for the con昀椀nement of 
columns (Chapter 9), and for the strengthening of vaults 

(Chapter 10), and with design examples (Chapter 12). The 

left column, identi昀椀ed by the ACI logo, is written according 
to the ASTM standards, the International Code Council-

Evaluation Services (ICC-ES) Acceptance Criteria AC434, 

and ACI 549.4R. The right column, identi昀椀ed by the RILEM 
logo, is written according to the European Committee for 

Standardizaton (CEN) EN standards, RILEM TC 232-TDT 

(Brameshuber 2016), and RILEM TC 250-CSM (de Felice 
et al. 2018a) recommendations. Despite a number of names 
and acronyms (including TRM and FRM) used in the scien-

ti昀椀c literature when referring to externally bonded (EB) 
mortar-based reinforcements, as clari昀椀ed in the historical 
development section of this guide (3.2), only FRCM and 

SRG are used in this guide.

1.2—Scope

Note that this guide is based on the most recent knowledge 

and interactions with other technical organizations, such as 

the working group of the Italian National Research Council 

(CNR), which was established for the development of guide-

lines for both the quali昀椀cation of FRCM/SRG composites 
and the design of FRCM/SRG-strengthened structures. 

However, the scienti昀椀c research on the structural behavior 
of FRCM/SRG-reinforced masonry structures and on 

design methods is still under development. Based on current 

knowledge, conservative values are proposed for the safety 

coe昀케cients included in the design algorithms provided in 
this guide. The design algorithms may be subject to future 

update or revision, and less conservative values, or di昀昀er-
entiated values for speci昀椀c materials or applications, may 
be assigned to tuning coe昀케cients, strength reduction factors, 
and partial coe昀케cients based on validation with wider data-

bases of experimental data.

CHAPTER 2—NOTATION AND DEFINITIONS

2.1—Notation

Ae = area of the e昀昀ectively 
con昀椀ned masonry, in.2 
(mm2)

Ae = area of the e昀昀ectively 
con昀椀ned masonry, 
mm2 (in.2)

Af = area of the fabric 

e昀昀ective in shear, in.2 
(mm2)

Af = area of the fabric 

e昀昀ective in shear, 
mm2 (in.2)

Am = cross-sectional area of 

the column, in.2 (mm2)

Am = cross-sectional area 

of the column, mm2 

(in.2)

As = area of the steel rein-

forcement, in2 (mm2)

As = area of the steel 

reinforcement, mm2 

(in.2)
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b = width of the crowning 

beam cross section, in. 

(mm)

b = width of the crowning 

beam cross section, 

mm (in.)

bc = short side dimen-

sion of compression 

member with rectan-

gular cross section, in. 

(mm)

bc = short side dimen-

sion of compression 

member with rectan-

gular cross section, 

mm (in.)

c = cohesion of masonry, 

psi (MPa)

c = cohesion of masonry, 

MPa (psi)

cu = neutral axis depth 

from the compres-

sive edge of the cross 

section, in. (mm)

cu = neutral axis depth 

from the compres-

sive edge of the cross 

section, mm (in.)

cu′ = neutral axis depth 

determined under the 

preliminary assump-

tion that both the 

masonry and the 

FRCM/SRG attain 

their ultimate strain, 

in. (mm)

cu′ = neutral axis depth 

determined under 

the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

mm (in.)

D = diameter of the 

con昀椀ned column, in. 
(mm)

D = diameter of the 

con昀椀ned column, mm 
(in.)

E2c = slope of linear portion 

of stress-strain model 

for FRCM-con昀椀ned 
masonry, psi (MPa)

Ef = sti昀昀ness of cracked 
FRCM/SRG spec-

imen, psi (MPa)

Ef = design value of the 

elastic modulus of 

FRCM/SRG, MPa 

(psi)

E1 = sti昀昀ness of uncracked 
FRCM/SRG spec-

imen, MPa (psi)

E2 = sti昀昀ness of cracked 
FRCM/SRG spec-

imen, MPa (psi)

Ef* = sti昀昀ness of uncracked 
FRCM/SRG spec-

imen, psi (MPa)

Em = Young’s modulus of 

masonry, psi (MPa)

Em = Young’s modulus of 

masonry, MPa (psi)

Emat = modulus of elasticity 

of mortar from 

compression test 

(Eurocode EN 998-2 

and EN 13412), MPa 

(psi)

Es = Young’s modulus of 

steel reinforcement, 

psi (MPa)

Es = Young’s modulus of 

steel reinforcement, 

MPa (psi)

Et = tensile modulus of 

elasticity of fabric, 

MPa (psi)

Ff′ = resultant loads for 

the FRCM/SRG in 

tension determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

lb (N)

Ff′ = resultant loads for 

the FRCM/SRG in 

tension determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

N (lb)

Fm′ = resultant loads for the 

masonry in compres-

sion determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

lb (N)

Fm′ = resultant loads for the 

masonry in compres-

sion determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

N (lb)

Fs′ = resultant loads for the 

internal reinforce-

ment determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

lb (N)

Fs′ = resultant loads for the 

internal reinforce-

ment determined 

under the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

N (lb)

Fstrip = maximum tensile load 

in the FRCM/SRG 

strip, lb (N)

Fstrip = maximum tensile load 

in the FRCM/SRG 

strip, N (lb)

fc,mat = characteristic 

compressive strength 

of the mortar matrix 

(Eurocode EN 998-2 

and EN 12190), MPa 
(psi)

fccm = maximum compres-

sive strength of 

con昀椀ned masonry, psi 
(MPa)

fccm = maximum compres-

sive strength of 

con昀椀ned masonry, 
MPa (psi)

ffbk = characteristic value of 

maximum axial stress 

in the textile attained 

in the bond test, MPa 

(psi)

ffe = e昀昀ective tensile stress 
level in the FRCM/

SRG reinforcement, 

psi (MPa)

ffe = e昀昀ective tensile stress 
level in the FRCM/

SRG reinforcement, 

MPa (psi)

ffu = ultimate tensile 

strength of FRCM/

SRG, psi (MPa)

ffu = ultimate tensile 

strength of FRCM/

SRG, MPa (psi)

fl = maximum con昀椀ning 
pressure due to FRCM 

jacket, psi (MPa)

fl = maximum con昀椀ning 
pressure due to 

FRCM jacket, MPa 

(psi)

fl,e昀昀 = e昀昀ective con昀椀ning 
pressure due to 

FRCM/SRG jacket, 

psi (MPa)

fl,e昀昀 = e昀昀ective con昀椀ning 
pressure due to 

FRCM/SRG jacket, 

MPa (psi)

fmc = compressive 

strength of mortar 

from compression 

test (ASTM C109/
C109M), psi (MPa)
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fmu = compressive strength 

of masonry, psi (MPa)

fmu = compressive strength 

of masonry, MPa (psi)

ft = tensile strength of 

fabric, MPa (psi)

ft,max = maximum stress of 

fabric in direct tensile 

test, MPa (psi)

ftd = design value of the 

tensile strength of 

masonry with respect 

to diagonal tension 

failure mode, MPa 

(psi)

ftk = characteristic value of 

the tensile strength of 

the fabric, MPa (psi)

fvd = shear strength of 

unreinforced masonry 

(URM) calculated 

in accordance with 

Eurocode 6 (EN 

1996:1995-02), MPa 
(psi)

fyd = design yielding 

strength of steel rein-

forcement, psi (MPa)

fyd = design yielding 

strength of steel rein-

forcement, MPa (psi)

H = height of the masonry 

wall, in. (mm)

H = height of the masonry 

wall, mm (in.)

Hc = e昀昀ective height of the 
column, in. (mm)

Hc = e昀昀ective height of the 
column, mm (in.)

h = height of the crowning 

beam cross section, in. 

(mm)

h = height of the 

crowning beam cross 

section, mm (in.)

hc = long side dimension of 

compression member 

with rectangular cross 

section, in. (mm)

hc = long side dimen-

sion of compression 

member with rectan-

gular cross section, 

mm (in.)

I = moment of inertia of 

the crowning beam 

strengthened with 

FRCM/SRG, in.4 

(mm4)

I = moment of inertia of 

the crowning beam 

strengthened with 

FRCM/SRG, mm4 

(in.4)

i = grid spacing of the 

fabric, mm (in.)

k = e昀昀ectiveness factor, 
depending on the 

properties of the 

matrix

k′ = factor depending on 

ρmat, fc,mat, and fmu

ka = shape factor in the 

determination of fl,e昀昀 

(based on the geom-

etry of cross section)

ka = shape factor in the 

determination of fl,e昀昀 

(based on the geom-

etry of cross section)

kb = e昀케ciency factor for 
FRCM/SRG reinforce-

ment in the determina-

tion of εccm (based on 

the geometry of cross 

section)

kbc = coe昀케cient that 
accounts for the 

boundary conditions 

of the wall

kn = fractile coe昀케cient 
that depends on the 

number of tested 

specimens, de昀椀ned in 
Annex D of Eurocode 

0 (EN 1990:2002-02)

kv = vertical e昀케ciency 
factor for FRCM/SRG 

reinforcement in the 

determination of fl,e昀昀 

(based on the geom-

etry of cross section)

kv = vertical e昀케ciency 
factor for FRCM/

SRG reinforcement 

in the determination 

of fl,e昀昀 (based on the 

geometry of cross 

section)

L = width of the masonry 

wall or vault, in. (mm)

L = width of the masonry 

wall or vault, mm 

(in.)

Lc = length of the part of 

the wall in compres-

sion, mm (in.)

Ldf = development length 

over which the bond 

capacity of FRCM/

SRG is developed, in. 

(mm)

Ldf = development length 

over which the bond 

capacity of FRCM/

SRG is developed, 

mm (in.)

Le昀昀 = e昀昀ective bond length 
of the FRCM/SRG 

system, in. (mm)

Le昀昀 = e昀昀ective bond length 
of the FRCM/SRG 

system, mm (in.)

MEd = existing bending 

moment, in.-lb 

(N-mm)

MEd = existing bending 

moment, N-mm 

(in.-lb)

Mn = nominal 昀氀exural 
strength, in.-lb 

(N-mm)

Mn = nominal 昀氀exural 
strength, N-mm 

(in.-lb)

Mn
URM 

=

nominal 昀氀exural 
strength of the wall 

without FRCM/SRG 

reinforcement, N-mm 

(in.-lb)

MRd = design 昀氀exural 
strength, N-mm 

(in.-lb)

MRd
URM 

=

design value of the 

in-plane 昀氀exural 
strength of the unre-

inforced wall, N-mm 

(in.-lb)

NEd = existing axial load, 

lb (N)

NEd = existing axial load, 

N (lb)

NEdj = axial load at the 

section j of the arch, 

lb (N)

NEdj = axial load at the 

section j of the arch, 

N (lb)

Nn = tensile strength of the 

crowning beam, lb (N)

Nn = tensile strength of 

the crowning beam, 

N (lb)

NRd = design tensile strength 

of the crowning 

beam, N (lb)
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NRd,c = design axial strength 

of the column 

strengthened with 

FRCM/SRG, N (lb)

n = number of wall sides 

strengthened with 

FRCM/SRG

n = number of wall sides 

strengthened with 

FRCM/SRG

nf = number of plies of 

fabric in the FRCM/

SRG reinforcement

nf = number of plies of 

fabric in the FRCM/

SRG reinforcement

PD = dead load applied on 

the column, lb (N)

PL = service load applied 

on the column, lb (N)

Pi = weight of the part 

of the vault placed 

between two hinges, 

including the arch 

self-weight, the 

back昀椀ll load, and that 
of the superstructure 

pertaining to the part 

itself, lb (N)

Pi = weight of the part 

of the vault placed 

between two hinges, 

including the arch 

self-weight, the 

back昀椀ll load, and that 
of the superstructure 

pertaining to the part 

itself, N (lb)

R2 = correlation factor R2 = correlation factor

r = radius of gyration of 

the cross section of 

the column about the 

weak axis, in. (mm)

rc = radius of edges of 

a rectangular cross 

section con昀椀ned with 
FRCM, in. (mm)

rc = radius of edges of 

a rectangular cross 

section con昀椀ned with 
FRCM, mm (in.)

s = distance between two 

FRCM/SRG layers, 

in. (mm)

s = distance between two 

FRCM/SRG layers, 

mm (in.)

sf = spacing between 

strips, in. (mm)

sf = spacing between 

strips, mm (in.)

sfH = spacing between hori-

zontal FRCM/SRG 

strips, in. (mm)

sfH = spacing between hori-

zontal FRCM/SRG 

strips, mm (in.)

sfV = spacing between 

vertical FRCM/SRG 

strips, in. (mm)

sfV = spacing between 

vertical FRCM/SRG 

strips, mm (in.)

t = thickness of the 

masonry wall or vault, 

in. (mm)

t = thickness of the 

masonry wall or 

vault, mm (in.)

tf = design thickness of the 

fabric in the direction 

of the load, in. (mm)

tf = design thickness 

of the fabric in the 

direction of the load, 

mm (in.)

tf′ = design thickness of 

each ply of fabric in 

the load direction, in. 

(mm)

tf′ = design thickness of 

each ply of fabric in 

the load, mm (in.)

tf* = equivalent thickness 
of the FRCM/SRG 

strips assumed to be 

uniformly distributed 

along the length L of 

the wall, in. (mm)

tf* = equivalent thickness 
of the FRCM/SRG 

strips assumed to be 

uniformly distributed 

along the length L of 

the wall, mm (in.)

tfH = equivalent thickness 
of the FRCM/SRG 

reinforcement in the 

horizontal direction, 

in. (mm)

tfH = equivalent thickness 
of the FRCM/SRG 

reinforcement in the 

horizontal direction, 

mm (in.)

tfV = equivalent thickness 
of the FRCM/SRG 

reinforcement in the 

vertical direction, in. 

(mm)

tfV = equivalent thickness 
of the FRCM/SRG 

reinforcement in the 

vertical direction, mm 

(in.)

tmat = total thickness of the 

matrix, in. (mm)

tmat = total thickness of the 

matrix, mm (in.)

Vbjs1 = bed-joint sliding 

strength of the URM 

wall at the initial 

uncracked stage deter-

mined in accordance 

with ASCE 41, lb (N)

Vbjs2 = bed-joint sliding 

strength of the URM 

wall at the 昀椀nal 
cracked stage deter-

mined in accordance 

with ASCE 41, lb (N)

Vdt = diagonal tension 

strength of the URM 

wall determined in 

accordance with 

ASCE 41, lb (N)

VEd = existing shear stress, 

lb (N)

VEd = existing shear stress, 

N (lb)

VEdi = external shear demand 

in the joint i corre-

sponding to the given 

load multiplier, lb (N)

VEdi = external shear 

demand in the joint i 

corresponding to the 

given load multiplier, 

N (lb)

Vf = contribution of 

FRCM/SRG to 

nominal shear 

strength, lb (N)

Vf = contribution of 

FRCM/SRG to design 

shear strength, N (lb)

Vn
URM = nominal lateral 

strength of URM wall 

determined in accor-

dance with ASCE 41, 

lb (N)

Vr = rocking strength of the 

URM wall determined 

in accordance with 

ASCE 41, lb (N)

VRd = design lateral strength 

of the wall strength-

ened with FRCM/

SRG, N (lb)

VRdi = shear capacity in 

correspondence of 

masonry cross sections 

strengthened with 

composite material for 

the given design load 

multiplier, lb (N);

VRdi = shear capacity in 

correspondence 

of masonry cross 

sections strength-

ened with composite 

material for the given 

design load multiplier, 

N (lb);
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VR
n = nominal lateral 

strength related to 

the shear-controlled 

failure modes of the 

FRCM/SRG-strength-

ened wall

VRd
OP = design shear strength 

under out-of-plane 

loads of the wall 

strengthened with 

FRCM/SRG, N (lb)

VRdt = design lateral strength 

of the URM wall 

corresponding to 

diagonal tension, N 

(lb)

VRd
URM 

=

design lateral strength 

of URM wall, N (lb)

VRjs = design lateral strength 

of the URM wall 

corresponding to joint 

sliding evaluated 

in accordance with 

Eurocode 6 (EN 

1996:1995-02), N (lb)

VR
Rtc = design lateral strength 

of the reinforced wall 

against toe-crushing, 

N (lb)

VRtc = design lateral strength 

of the URM wall 

corresponding to toe 

crushing, N (lb)

VR
tc = nominal lateral 

strength of the rein-

forced wall related 

to 昀氀exure-controlled 
mechanisms, lb (N)

Vtc = toe-crushing strength 

of the URM wall 

determined in accor-

dance with ASCE 41, 

lb (N)

WMRj = maximum resisting 

work, in.-lb (N-mm)

WMRj = maximum resisting 

work, N-mm (in.-lb)

wf = total width of the 

FRCM/SRG strips 

bonded to the wall 

along its width L, in. 

(mm)

wf = total width of the 

FRCM/SRG strips 

bonded to the wall 

along its width L, mm 

(in.)

wf1 = width of the single 

strip of FRCM/SRG, 

in. (mm)

wf1 = width of the single 

strip of FRCM/SRG, 

mm (in.)

wfH = width of the horizontal 

strips of the FRCM/

SRG reinforcement, 

in. (mm)

wfH = width of the hori-

zontal strips of the 

FRCM/SRG rein-

forcement, mm (in.)

wfV = width of the vertical 

strips of the FRCM/

SRG reinforcement, 

in. (mm)

wfV = width of the vertical 

strips of the FRCM/

SRG reinforcement, 

mm (in.)

xass = position of the center 

of rotation in the arch 

collapse mechanism, 

in. (mm)

xass = position of the center 

of rotation in the arch 

collapse mechanism, 

mm (in.)

xi = position of the hinge, 

in. (mm)

xi = position of the hinge, 

mm (in.)

ys = distance of the steel 

reinforcement from 

the compressed edge 

of the cross section of 

the wall, in. (mm)

ys = distance of the steel 

reinforcement from 

the compressed edge 

of the cross section of 

the wall, mm (in.)

z = distance of the hinge 

from the end of the 

FRCM/SRG reinforce-

ment, in. (mm)

z = distance of the hinge 

from the end of the 

FRCM/SRG rein-

forcement, mm (in.)

a1 = coe昀케cient calibrated 
by comparison 

between experimental 

results and average 

theoretical data, 

applied to εfb in the 

evaluation of εfd

α2 = coe昀케cient calibrated 
by comparison 

between experimental 

results and average 

theoretical data, 

applied to εtk in the 

evaluation of εfd

αV = ratio between VEdi 

and VRdi

αV = ratio between VEdi 

and VRdi

β = reduction factor 

applied to the neutral 

axis depth for the 

stress block diagram

β = reduction factor 

applied to the neutral 

axis depth for the 

stress block diagram

βs = slenderness factor

γ = reduction factor 

applied to the 

compressive strength 

of masonry for the 

stress block diagram

γ = reduction factor 

applied to the 

compressive strength 

of masonry for the 

stress block diagram

γk = safety factor

γM = partial safety factor 

on the design axial 

strain of the FRCM/

SRG composite 

material

γm = compressive strength 

of masonry safety 

factor calculated 

in accordance with 

Eurocode 6 (EN 

1996:1995-02)

γs = surface mass density 

of the fabric, g/m2 

(lb/in.2)

∆FExp = experimental increase 

in the ultimate load of 

the vault, lb (N)

∆FExp = experimental increase 

in the ultimate load of 

the vault, N (lb)

∆Fth = theoretical increase in 

the ultimate load of 

the vault, lb (N)

∆Fth = theoretical increase in 

the ultimate load of 

the vault, N (lb)
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∆f = standard deviation 

of the axial stress in 

the textile provided 

by the shear bond 

tests performed in 

accordance with 

RILEM TC 250-CSM 
Recommendation (de 

Felice et al. 2018a)

∆t = standard deviation of 

the tensile strength of 

the fabric provided 

by the tensile tests on 

bare fabrics

∆MExp = experimental increase 

in 昀氀exural strength, 
in.-lb (N-mm)

∆MExp = experimental increase 

in 昀氀exural strength, 
N-mm (in.-lb)

∆Mth = theoretical increase in 

昀氀exural strength, in.-lb 
(N-mm)

∆Mth = theoretical increase 

in 昀氀exural strength, 
N-mm (in.-lb)

∆Nexp = experimental axial 

strength increase, lb 

(N)

∆Nexp = experimental axial 

strength increase, 

N (lb)

∆Nth = design value of the 

theoretical axial 

strength increase, lb 

(N)

∆Nth = design value of the 

theoretical axial 

strength increase, 

N (lb)

∆Vexp = experimental shear 

strength contribution 

of FRCM/SRG, lb (N)

∆Vexp = experimental shear 

strength contribu-

tion of FRCM/SRG, 

lb (N)

∆Vth = theoretical shear 

strength contribution 

of FRCM/SRG, lb (N)

∆Vth = theoretical shear 

strength contribu-

tion of FRCM/SRG, 

lb (N)

∆ε = standard deviation of 

the tensile strain of the 

FRCM/SRG system

∆θj = relative rotation 

between two parts of 

the arch at the hinge 

j, rad

∆θj = relative rotation 

between two parts of 

the arch at the hinge 

j, rad

εccm = axial compressive 

strain corresponding 

to the compres-

sive strength of the 

con昀椀ned masonry 
column, in./in. (mm/

mm)

εccm = axial compressive 

strain corresponding 

to the compres-

sive strength of the 

con昀椀ned masonry 
column, mm/mm 

(in./in.)

εfb = tensile strain corre-

sponding to the char-

acteristic value of the 

maximum axial stress 

in the textile attained 

in the bond test, mm/

mm (in./in.)

εfd = design tensile strain 

of FRCM/SRG, in./in. 

(mm/mm)

εfd = design tensile strain 

of FRCM/SRG, mm/

mm (in./in.)

εfe = e昀昀ective tensile strain 
level in the FRCM/

SRG composite mate-

rial, in./in. (mm/mm)

εfe = e昀昀ective tensile strain 
level in the FRCM/

SRG composite mate-

rial, mm/mm (in./in.)

εfu = ultimate tensile strain 

of FRCM/SRG, in./in. 

(mm/mm)

εfu = ultimate tensile strain 

of FRCM/SRG, mm/

mm (in./in.)

εf@0.90昀昀u = strain corresponding 

to the 90 percent of 
the ultimate tensile 

strength of FRCM/

SRG in tensile test, 

mm/mm (in./in.)

εf@0.60昀昀u = strain corresponding 

to the 60 percent of 
the ultimate tensile 

strength of FRCM/

SRG in tensile test, 

mm/mm (in./in.)

εlim = limit strain introduced 

to prevent exces-

sive damage in the 

structural member 

reinforced with 

FRCM/SRG, in./in. 

(mm/mm)

εmu = ultimate compressive 

strain of masonry, in./

in. (mm/mm)

εu = ultimate compressive 

strain of masonry, 

mm/mm (in./in.)

εs = tensile strain attained 

by the internal steel 

reinforcement, in./in. 

(mm/mm)

εs = tensile strain attained 

by the internal steel 

reinforcement, mm/

mm (in./in.)

εs′ = tensile strain attained 

by the internal 

steel reinforcement 

determined under the 

preliminary assump-

tion that both the 

masonry and the 

FRCM/SRG attain 

their ultimate strain, 

in./in. (mm/mm)

εs′ = tensile strain attained 

by the internal 

steel reinforcement 

determined under 

the preliminary 

assumption that both 

the masonry and the 

FRCM/SRG attain 

their ultimate strain, 

mm/mm (in./in.)

εsyd = design yielding strain 

of steel reinforcement, 

in./in. (mm/mm)

εsyd = design yielding strain 

of steel reinforce-

ment, mm/mm (in./

in.)

εt = ultimate strain of 

fabric, mm/mm (in./

in.)

εtk = ultimate tensile strain 

corresponding to the 

characteristic value 

of the tensile strength 

of the fabric, mm/mm 

(in./in.)

εt,max = strain corresponding 

to the maximum 

stress of fabric in 

direct tensile test, 

mm/mm (in./in.)

εt@0.1ft,max

=
strain corresponding 

to the 10% of the 
maximum stress of 

fabric in direct tensile 

test, mm/mm (in./in.)
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