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A B S T R A C T   

Fabric reinforced cementitious matrix (FRCM) composites have emerged as an appealing alternative to fiber 
reinforced polymer (FRP) for the external confinement of masonry members; nevertheless, their use in practice is 
limited due to the lack of reliable formulas to estimate the compressive strength and ultimate strain of confined 
members. 

By following a recently published study, new formulas for the prediction of the compressive strength of the 
FRCM confined masonry are proposed here, which were obtained by considering an updated experimental 
database compiled from the literature. 

These formulas were developed by applying error minimization techniques to the collected experimental 
results; test data were treated in different ways, such as: (a) separating the members made of natural stones from 
those built with artificial blocks, and (b) treating separately the fiber types (basalt, carbon, glass, PBO and steel) 
of the FRCM system, or (c) considering the experimental data all together. 

Finally, to evaluate the reliability of the developed relationships, the strength predictions provided by the new 
proposals were compared with those obtained using the expressions reported in some international guidelines.   

1. Introduction 

Fabric reinforced cementitious matrix (FRCM) composites are ob
tained by embedding an open grid fabric made of continuous fibers in 
different types of matrices (e.g. lime-based mortar, cement-based 
mortar, and geopolymers). Obviously, various combinations of fibers 
and matrices, as well as different percentages of fibers, lead to different 
physical and mechanical properties of the composite. 

The most commonly fibers used in FRCM composites are: basalt (B), 
carbon (C), glass (G) and poliparafenilenbenzobisoxazole (PBO). These 
fibers are typically arranged in bundles which are opportunely spaced to 
facilitate their impregnation and assure matrix continuity among in
ternal and external matrix layers. Unidirectional steel (S) textiles 
composed of properly spaced ultra-high tensile strength steel cords of 
twisted micro-wires are also frequently considered for applications with 
inorganic matrix; such composites are termed steel fabric reinforced 
cementitious mortar (S-FRCM) or steel fiber reinforced grout (SRG) 
[1,2]. 

Lately, the use of inorganic matrix in combination with natural fibers 
(such as, flax, hemp, sisal or jute) has also attracted the interest of the 

scientific community in the objective of addressing several issues in the 
construction industry related to sustainability [3-6]. 

With respect to fiber reinforced polymers (FRPs), the application of 
FRCM composites to masonry members is preferable due to several 
reasons, among which: better composite-substrate compatibility, higher 
permeability of the strengthened surface and reduced invasiveness of 
the retrofitting technique coupled with satisfactory levels of reversibility 
(or at least removability) [7-11]. 

Because of the relatively more recent commercialization, the 
experimental studies concerning concrete or masonry members rein
forced with FRCM systems are less numerous than those regarding 
members retrofitted by FRP ones. However, the experimental results 
obtained so far have generally shown the effectiveness of using the 
FRCM composites to increase both the in-plane and out-of-plane ca
pacity of masonry walls [12-16], the collapse loads of masonry arches 
[17,18] and the compressive strength of masonry columns for which an 
overview of the experimental and theoretical research has been recently 
reported in [19]. Concerning the more recent introduction of FRCM 
composites with respect to FRPs, it is worth highlighting that, for ma
sonry confinement, the pioneer experimental investigations date from 
2015 only [20-22]. 
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A first state of the art on the FRCM strengthening of masonry 
structures was published in 2018 [23], followed by a more recent review 
authored by Irandegani et al. [24] and other overviews limited to the use 
of S-FRCM systems [25,26]. 

Simultaneously with investigating the efficiency of the FRCM sys
tems in improving the behavior of masonry members, a great effort was 
carried out by some researchers to characterize the tensile behaviour of 
these composites and their adhesion to different masonry substrates 
with the purpose to publish preliminary recommendations [27,28]. 

Despite the limited amount of data and information available for the 
development of reliable design formulae, accredited guidelines for the 
strengthening of structural members with FRCMs are now available, 
such as the Italian guide CNR-DT 215 [29], applicable to both concrete 
and masonry structures, and the even more recent American guide ACI 
549.6R [30] specifically edited for repair and strengthening of masonry. 

However, despite the significant advances of the knowledge made in 
addressing the key aspects related to the FRCM masonry strengthening, 
there is still a lot of work to do in collecting and analyzing all the 
available information as well as in validating and/or improving the 
reliability of the analytical formulations proposed in international 
guidelines. 

To this purpose, the compressive behavior of FRCM confined ma
sonry columns is one of the most debated topics. To date, indeed, the 
knowledge on the subject is rather poor [21-31], and fragmented, and 
sometimes controversial; therefore, the development of reliable re
lationships for the estimate of the compressive strength and ultimate 
strain of the FRCM confined masonry is a challenging task. 

Concerning the fragmentation of information it is worth highlighting 
that, when a large number of tests could not be carried out, researchers 
often chose to investigate many study parameters at the same time, such 
as type of fiber, number of layers, mesh geometry, etc., therefore, losing 

sight of the real focus of the performed study. 
Finally, the information is believed uneven and controversial in the 

sense that a variety of fabric meshes - composed of an equally higher 
variety of fibers - were embedded in inorganic matrices characterized by 
different mechanical properties. As a result, understanding the “weight” 
of the different parameters in the characterization of the FRCM 
confinement efficiency is the key for the development of reliable design 
formulae. 

As a natural effect from the general misunderstanding on the topic, 
most of the collected studies generally focus on investigating the 
applicability of existing formulations suitable for FRP systems to the 
case of FRCM ones; a few others provide promising proposals even 
though they were validated by using a limited number of experimental 
data. 

With the aim to improve the knowledge, a Round Robin Test (RRT) 
program was recently organized within the framework of the “DPC- 
ReLUIS 2019–2021 Project”, which was financially supported by the 
Italian Department of Civil Protection (DPC), and involved numerous 
universities, and to which the authors of this paper took part. 

The obtained results, which are available in a recently published 
paper [32], helped to gain an insight into the contribution of the FRCM 
on the axial behavior of confined masonry columns, by varying some 
parameters, such as: the type of masonry (natural or artificial), the 
FRCM system (G-FRCM or S-FRCM) and the number of reinforcement 
layers (one, two or three). 

With the purpose to organize all the available information in a sys
tematic framework, in a recent paper the authors published a wide 
experimental database based on which first analytical proposals for 
estimating the compressive strength of masonry members confined by 
FRCM, suitable for both any fiber (B, C, G, PBO, and S) and masonry type 
(natural and artificial) were proposed [19]. 

Nomenclature 

The following symbols are used in this paper: 
B =width of square or rectangular cross section 
BD =bidirectional strengthening sheet 
D =diameter of circular cross section 
DB =debonding of the reinforcement at the overlap region 
Ef =elastic modulus of dry strengthening sheet 
Ei =i-th error calculated according to MAPE error 
Emat =elastic modulus in compression of FRCM matrix 
(Err)MAPE

m =mean absolute percentage error 
FM =dominant failure mode exhibited by test specimens 
fmat,b =flexural strength of FRCM matrix 
fmat,c =compressive strength of FRCM matrix 
ff ,u =ultimate tensile strength of dry strengthening sheet 
fl =lateral confining pressure of FRCM confinement 
fl,eff =effective lateral confining pressure of FRCM 

confinement 
f l,eff =normalized effective lateral confining pressure, i.e.:fl,efffm 

fm =compressive strength of unconfined masonry 
fmc

exp 
=experimental value of normalized compressive 
strength of FRCM confined masonry 

fmc
th 

=theoretical value of normalized compressive strength 
of FRCM confined masonry 

fmc,i
exp 

=i-th experimental value of normalized compressive 
strength of FRCM confined masonry 

fmc,i
th 

=i-th theorethical value of normalized compressive 
strength of FRCM confined masonry 

H =depth of square/rectangular cross-section 

gm =masonry mass density 
JF =FRCM jacket failure 
keff =FRCM confinement efficiency coefficient 
kH =coefficient of horizontal efficiency of FRCM 

confinement 
kmat =coefficient of FRCM confinement efficiency related to 

the presence of inorganic matrix 
kV =coefficient of efficiency of FRCM confinement 
kε =strain efficiency factor of the FRCM system 
L =height of specimen 
Lb =overlapping length of the FRCM 
N =number of specimens 
n =number of datasets 
nf =number of FRCM layers 
p′

f clear distance between FRCM strips in case of 
discontinuous wrapping 

rc =corner radius 
S =fiber–matrix slippage 
tf =total thickness of the employed fiber reinforcement,  

i.e.: tf = nf tf ,j 
tf ,j =equivalent thickness of the single layer of the fiber 

sheet 
tmat =overall thickness of the FRCM matrix 
UD =unidirectional strengthening sheet 
α1,α2,⋯,α5 =fine-tuning models coefficients 
γf =density of strengthening sheet 
εf ,u =ultimate strain of dry strengthening sheet 
εj,u =ultimate hoop strain experimentally measured in 

FRCM jacket 
ρmat =matrix reinforcement ratio  
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By following the study outcomes published in [19], a further 
contribution to advancing the knowledge on the compressive strength of 
FRCM confined masonry is provided in this paper, which can also be 
eventually considered for an integration/upgrading of the existing 
guidelines CNR-DT 215 [29] and ACI 549.6R [30]. To this purpose, it is 
worth highlighting that the present study is part of the research activ
ities planned within the ReLUIS-DPC 2022–2024 project (WP14) funded 
by the Italian Department of Civil Protection (https://www.reluis.it/it 
/progetti-dpc-reluis/dpc-reluis-2022-2024.html), which objective is to 
provide research contributes useful for improving the current design 
guidelines CNR-DT 215 [29]. As such, the authors are involved in the 
updating of the chapter concerning the FRCM confinement of masonry, 
with the purpose to investigate the reliability of the formulation 
currently reported in the document – originally validated on a poor 
representative experimental database – and its applicability to all the 
types of FRCM systems covered by the document. This implies that the 
study focuses on the “most scientifically” investigated FRCM systems, i. 
e., on the composites employing synthetic fibers like carbon, glass, PBO 
and steel and on those entailing basalt fibers which are of mineral na
ture; these are also the fiber types considered in the mentioned docu
ments. Conversely, the most recently explored composites made of 
plant-based natural fibers (let’s say flax, hemp and jute), for which 
more investigation is needed, are not included in the study. 

First, un upgrade of the collected database - the largest to the au
thors’ knowledge – is presented and deeply described here. 

Then, refined predictive models for the compressive strength of the 
FRCM confined masonry were derived by applying best-fit techniques to 
the experimental results and compared with those previously found by 
the authors in the case of both FRCM and FRP applications [19,33]. On 
this aspect, it should be immediately clarified that the collected database 
highlights a significant scattering of experimental results and therefore, 
the calibration of models’ key parameters based on minimizing the 
overall error between experiments and predictions could fail in some 
specific cases. This issue, therefore, has led the authors to select an error 
minimization technique that, with respect to others, mostly provides 
conservative predictions. 

The accuracy of the analytical proposals is here also examined by 
considering the typology of masonry, artificial and natural, the latter 
poorly investigated in the literature. Furthermore, analytical formula
tions were calibrated by considering each type of FRCM system 

separately with the purpose to investigate, based on the collected data, 
that providing the “best” performance in terms of increase of compres
sive strength. Even though further validation of the proposed relation
ships will be needed, the present study highlights the improved accuracy 
of the proposed models with respect to the companion formulations 
reported in the mentioned guidelines CNR-DT 215 (2018) [29] and ACI 
549.6R (2020) [30]; some criticisms related to the expressions reported 
in these documents are also highlighted. 

2. Database update 

As already mentioned, the database presented in [19] has been 
recently updated by including other data and results of uniaxial 
compression tests performed on masonry members confined by FRCM 
systems. In particular, the current number (N) of specimens is 261 
(against 222 indicated in the previous database), of which 28 with cir
cular cross-section and investigated only in the case of B- and G-FRCM 
systems. 

The addition of new data has basically expanded the data sample 
previously available for PBO-FRCM (from 14 to 20 samples) and S-FRCM 
systems (from 53 to 69 members) applied to square/rectangular 
specimens. 

The pie chart in Fig. 1 shows the current distribution of specimens in 
the database per FRCM system. Regardless of the shape of the cross- 
section, the collected specimens are rather equally distributed among 
the examined FRCM systems, except for the PBO-FRCM for which only 
20 specimens are available. Specifically, the database includes: 

− 51 specimens confined with B-FRCM (31 prismatic and 20 
cylindrical); 

− 62 specimens confined with C-FRCM (only prismatic); 
− 59 specimens confined with G-FRCM (51 prismatic and 8 

cylindrical); 
− 20 specimens confined with PBO-FRCM (only prismatic); 
− 69 specimens confined with S-FRCM (only prismatic). 
All specimens were confined by using a continuous wrapping and 

employing a variable number of layers. An exception is represented by 
three tests relative to PBO-FRCM confinement for which a discontinuous 
wrapping was used [34]. 

The main details related to tests collected for the analytical study are 
summarized in Table A.1 and Table A.2 (see Appendix A) for the case of 

Total specimens: N = 261

Prismatic specimens Cylindrical specimens

#31 (12%) #20 (8%)

#62 (24%)

#51 (19%)
#8 (3%)

#20 (8%)

#69 (26%)

B-FRCM

C-FRCM
G-FRCM

S-FRCM

PBO-FRCM

Fig. 1. Distribution of specimens per FRCM system within the database.  
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prismatic and cylindrical specimens, respectively. It is worth high
lighting that the information reported in these tables is not referred to 
the 261 tests collected in the general database, but it is directly reor
ganized in 116 homogeneous datasets, of which 108 referred to pris
matic specimens (corresponding to 233 members of the general 
database) and only 8 to cylindrical ones (corresponding to 28 members 
of the general database). 

The organization in datasets is consistent with the methodology 
followed in the previous investigations [19–33,50–53] which is in turn 
based on the “Design by testing” approach recommended by the Annex 
D of Eurocode 0 [54]. 

The pie chart in Fig. 2 shows the distribution of the 116 datasets per 
FRCM system. 

The 51 compression tests performed using prismatic (#31) and cy
lindrical (#20) samples confined with B-FRCM system, were grouped in 
17 and 6 datasets, respectively, covering about 20% of the database (n =
23 datasets). The 62 test results on specimens confined with C-FRCM 
systems, instead, were reorganized in 29 datasets (exactly a quarter of 

the database). Moreover, the experimental test results concerning the 59 
specimens confined with G-FRCM systems (51 prismatic plus 8 cylin
drical) were grouped in 28 datasets, covering 24% of the database, of 
which 26 refers to prismatic members and 2 to cylindrical ones. Finally, 
results from 20 tests conducted on PBO-FRCM confined samples were 
converted into 11 datasets (only 9.5% of the database), and the 69 test 
results on members confined by S-FRCM systems were grouped in 25 
datasets, corresponding to 21.5% of the database. 

For each considered FRCM confinement system, the information on 
the type of bricks (artificial) and blocks (natural) of which the masonry 
columns’ datasets were made is noteworthy. To this purpose, Fig. 3 
shows the per cent distribution of the datasets per masonry type. It can 
be observed that artificial masonry (AM) columns made of clay bricks 
(CBs) are the most studied (92 datasets out of a total 116, i.e. about 
80%): in particular, all the samples confined with C- and PBO-FRCM 
systems were made of this kind of masonry. 

The six datasets including samples confined by S-FRCM systems and 
consisting of natural blocks were made using tuff units (TUs), a type of 

Total Datasets: n = 116

Prismatic specimens Cylindrical specimens

#17 (15%)
#6 (5%)

#29 (25%)

#26 (22%)

#2 (2%)

#11 (9%)

#25 (22%)

B-FRCM

C-FRCM
G-FRCM

S-FRCM

PBO-FRCM

Fig. 2. Distribution of datasets per FRCM system.  

B-FRCM: n = 23 C-FRCM: n = 29 G-FRCM: n = 28 PBO-FRCM: n = 11 S-FRCM: n = 25
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Natural
#1 (6%)

Artificial
#16 (94%)

Artificial
#29 (100%)

Artificial
#13 (50%)

Natural
#13 (50%)

Artificial
#11 (100%)

Natural
#6 (24%)

Artificial
#19 (76%)

Natural
#2 (33%)

Artificial
#4 (67%)

Natural
#2 (100%)

Fig. 3. Distribution of datasets per masonry type within each FRCM confining system.  
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natural masonry (NM) widely used in Southern Italy in the past for the 
construction of buildings. 

In the case of columns confined by G-FRCM jackets, most of the 
datasets concern tests carried out on samples made with natural blocks: 
in the case of prismatic columns, 6 datasets concern samples made of 
TUs, 4 datasets samples built with limestone blocks (LS) and 3 datasets 
specimens made of calcarenite (CALC), a sort of limestone composed by 
sand and carbonate grains, very common in several regions in the 
Mediterranean area. The remaining two datasets concern cylindrical 
columns made of calcarenite. 

Finally, only 3 datasets concern compression tests performed on NM 
columns confined with B-FRCM jackets: these tests were conducted on 
prismatic (#1 dataset) and cylindrical (#2) samples made using LS and 
CALC blocks. 

In order to perform the analyses described in the next section, the 
number n of datasets was reduced from 116 to 99 due to some issues 
related to either missing values for some key parameters or questionable 
test results deserving more investigation. The datasets reduction 

involved all the types of confining FRCM systems, with the sole excep
tion of the S-FRCM one. 

In particular, it has not been possible to include datasets in the an
alyses when: a) the ultimate strain of the fiber mesh (εf ,u) was lacked; b) 
the value (fmc) of the ratio between the compressive strength of the 
confined masonry (fmc) and that of the unconfined masonry (fm) was less 
than or at most equal to 1. On this last aspect, indeed, it is quite trivial to 
expect that, when the FRCM confining action is ineffective, the 
compressive strength of the confined masonry fmc approximately co
incides with the performance of the unconfined member. Cases of 
confinement inefficacy will deserve more investigation and may be due 
to several reasons, among which the non-perfect application of the 
FRCM system. 

Therefore, the pie chart in Fig. 4 shows the distribution per FRCM 
system of the 99 datasets effectively used in the analyses. 

These datasets involve 227 specimens (against the 261 originally 
collected). The most significant reduction has regarded the B-FRCM 
system (10 datasets removed) whose data were finally grouped in 13 

Datasets used in the analyses: n = 99

Prismatic specimens Cylindrical specimens

#7 (7%) #6 (6%)

#25 (26%)

#25 (25%)
#1 (1%)

#10 (10%)

#25 (25%)

B-FRCM

C-FRCMG-FRCM

S-FRCM

PBO-FRCM

Fig. 4. Distribution of datasets used in the analyses per FRCM system.  

B-FRCM: n = 13 C-FRCM: n = 25 G-FRCM: n = 26 PBO-FRCM: n = 10 S-FRCM: n = 25
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Natural
#1 (14%)

Artificial
#6 (86%)

Artificial
#25 (100%)

Artificial
#13 (52%)

Natural
#12 (48%)

Artificial
#10 (100%)

Natural
#6 (24%)

Artificial
#19 (76%)

Natural
#2 (33%)

Artificial
#4 (67%)

Natural
#1 (100%)

Fig. 5. Distribution of datasets used in the analyses per masonry type within each FRCM confining system.  
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datasets (7 related to prismatic specimens and 6 to cylindrical one) 
including a total of 37 specimens (17 prismatic and 20 cylindrical), 
which cover the 13% of the “new” database. For the C-FRCM system, 
instead, the remaining datasets are 25, covering about 26% of the 
database and collecting a total of 50 prismatic specimens; for the G- 
FRCM system, the valid datasets are 26 (25 prismatic + 1 cylindrical), 
covering the 26% of the database and collecting 53 specimens (49 
prismatic and 4 cylindrical); in the case of PBO-FRCM, the datasets 
useful for the analyses are 10, covering the 10% of the database and 
collecting 10 prismatic columns; finally, in the case of the S–FRCM 
system the number of datasets does not change, so those useful to the 
analyses are 25, covering the 25% of the database and involving all the 
specimens originally collected (N = 69). 

For all the FRCM confining systems, Fig. 5 shows the updated 
number of datasets per each of the two categories of masonry (natural 
and artificial). 

Comparing Fig. 5 with Fig. 3 the following observations can be made:  

• Similarly to the C- and PBO- FRCM systems - with 4 and 1 datasets 
removed, respectively - the 10 datasets discarded in the case of the B- 
FRCM system exclusively regard AM’s columns (i.e. masonry sam
ples made of clay bricks);  

• conversely, in the case of the G-FRCM system, the 2 datasets 
excluded from the analyses are relative to tests performed on pris
matic columns made of tuff units and on cylindrical ones made of 
calcarenite, respectively; 

Finally, the bar charts in Fig. 6a and 6b specify, within each masonry 
type, the number of datasets involved in the case of prismatic and 

cylindrical specimens, respectively. 
By better analyzing the database in Tables A.1 and A.2, noteworthy is 

the information about the masonry mass density gm which is a parameter 
believed affecting the FRCM performance. 

To this purpose, indeed, the nonlinear strength model suggested by 
DT 215 [29] - similarly to what already done in the document DT 200 R1 
[55] for FRP confinement applications - accounts for the contribution of 
the masonry mass density gm (expressed in kg/m3) in the estimate of fmc; 
specifically, this parameter roughly considers the influence of voids and 
porosity of both the constituent materials and the masonry texture itself 
on the estimated axial strength [56]. However, looking at the 99 datasets 
considered for the analyses, it can be observed that the value of gm is 
always provided in the scientific papers when it is referred to the natural 
masonry, while in the case of CB this information is often omitted and, 
therefore, an average value of gm equal to 1700 kg/m3 is assumed by the 
authors and considered in the analyses. 

The bar charts in Fig. 7 show the number of datasets per gm value 
within each FRCM system in the case of both NM (Fig. 7a) and AM 
(Fig. 7b). In the case of NM, most datasets have gm values lower than 
1600 kg/m3, with the highest concentration about 1400 kg/m3; in the 
case of CB, instead, it is trivial to observe that the datasets are mostly 
concentrated about the value of 1700 kg/m3 set by the authors, since 
only for a dataset related to the C-FRCM system [22,41] and for another 
one related to the G-FRCM system [41] the scientific papers specifically 
provide gm = 1700 kg/m3. This consideration will be useful for the 
analytical study presented in the next section. 

Another examined parameter is the ratio between the compressive 
strength of the mortar employed for the FRCM system and the 
compressive strength of the unconfined masonry fmat,c

fm . 
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Fig. 9. Distribution of datasets based on the parameter ρmat
fmat,c
fm : (a) prismatic specimens; and (b) cylindrical specimens.  

(a) (b)

Legend:
exp. data AM_gm = 1600 kg/m3 exp. data AM_gm = 1700 kg/m3 AM
exp. data NM_1400 < gm < 1600 kg/m3 exp. data NM_1800 < gm < 2000 kg/m3 NM
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Fig. 10. Proposal 1 and 2 obtained by considering all datasets (a), and comparison between experimental data and predictions (b).  
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According to the current version of DT 215 [29], this ratio has some 
relevance since it enters the estimate of kmat which is the parameter 
accounting for the contribution of the inorganic matrix and affecting the 
estimate of the lateral confining pressure. This parameter is given by: 

kmat = 1.81
(

ρmat
fmat,c

fm

)2

≤ 1 (1)  

where ρmat is the matrix reinforcement ratio expressed by: 

ρmat = 4
tmat

D
≤ 1 (2)  

In Eq. (2), tmat is the total thickness of the FRCM matrix, while D is the 
diameter of the circular cross-section or the diagonal length of the 
square or rectangular cross-section. 

To this purpose, the bar charts in Fig. 8 show the distribution of 
datasets for the case of NM (Fig. 8a) and AM (Fig. 8b). As shown, the 
datasets are rather scattered, covering a wide range of values from lower 
than 1.5 up to lower than 9. In the case of NM, the values are mostly 
distributed in the left side of the graph with the highest concentration in 
the range [3.0–4.5]. In the case of AM, the slightly highest concentration 
is again in the range [3.0–4.5] but a good number of datasets also falls in 
field of fmat,c

fm 
lower than 3 and higher than 6. 

By focusing on Eq. (1), the last parameter under consideration is 

straightly the product 
(

ρmat
fmat,c
fm

)

, and Fig. 9 shows the distribution of 

datasets based on specific ranges of values for the case of NM (Fig. 9a) 
and AM (Fig. 9b). Whatever the FRCM system and the masonry type, 
most datasets are concentrated in the wide range [0.10–0.75]. 
Conversely, by focusing on the fiber type, the datasets are rather scat
tered since they cover almost all the considered ranges; this observation 
is particular evident in the case of the G-FRCM system applied to arti
ficial masonry, showing datasets also falling in the range with 
(

ρmat
fmat,c
fm

)

> 1.35, and in the case of C-FRCM system, with datasets 

covering a wide range 0 <

(

ρmat
fmat,c
fm

)

≤ 1.35. 

Of course, it is worth highlighting that, in order develop a reliable 
strength model, the variability of several geometric and mechanical 
parameters should be examined, in addition to those reported in the 
above Figs. 7-10, such as: the variability of both the cross-section 
dimension and height of members, the different geometry of the 
strengthening sheet and the mechanical characteristics of the FRCM 
matrix (some of these parameters are investigated in Appendix A). 
However, based on the available data, it is very hard to quantify their 
specific influence on the strength performance if the other parameters 
are not taken constant. Hopefully, with the increase of the of the 
experimental database in future, this aspect will be better investigated. 

3. The analytical study 

In the present study, new analytical formulas for the estimate of the 
compressive strength of masonry confined by FRCM (fmc), were devel
oped through best-fit analyses applied to the 99 experimental datasets. 
The general five-parameter relationship described by Eqs. (3) was 
considered which is derived from the relationship reported in the CNR- 
DT 215 [29], i.e.: 

f mc=
fmc

fm
=1+α2

( gm

1000

)α3
f l,eff

α1
=1+α2

( gm

1000

)α3

⎛

⎜
⎝kH kV

1
2 ρf Ef kmat εf ,u

fm

⎞

⎟
⎠

α1

(3)  

where: 
- fmc is the compressive strength of the FRCM confined masonry fmc 

normalized with respect to the compressive strength of the unconfined 
masonry fm, and. 

- f l,eff =
fl,eff
fm 

is the effective lateral confining pressure exerted by the 
FRCM normalized to fm, being fl,eff given by: 

fl,eff = keff fl = kH kV
1
2

ρf Ef kmat εf ,u (4)  

where keff = kH kV ≤ 1 is the parameter accounting for the shape of the 
section and the type of FRCM wrapping (continuous or discontinuous), 
in which the coefficient of horizontal efficiency kH is calculated ac
cording to the guidelines DT 215 [29] and the coefficient of vertical 
efficiency kV is estimated as suggested by DT 200 R1 [55]. 

In Eq. (4): 
- ρf = 4 tf/D is the geometric strengthening ratio related to the FRCM 

system, being tf the total thickness of the employed strengthening sheet, 
and D the diameter of the circular cross-section or the diagonal length of 
the square or rectangular cross-section; 

- kmat is the dimensionless coefficient of confinement efficiency ac
counting for the presence of the inorganic matrix, which has the 
following more general expression with respect to Eq. (1): 

kmat = α4

(

ρmat
fmat,c

fm

)α5

≤ 1 (5)  

where the matrix reinforcement ratio ρmat is given by Eq. (2). 
Therefore, by introducing the expression for kmat in Eq. (3), the 

dimensionless compressive strength of a FRCM confined member 
becomes: 

f mc =
fmc

fm
= 1 + α2

( gm

1000

)α3

⎡

⎢
⎢
⎣kH kV

1
2 ρf Ef α4

(

ρmat
fmat,c

fm

)α5

εf ,u

fm

⎤

⎥
⎥
⎦

α1

(6)  

where the αi parameters are the fine-tuning parameters to be calibrated 
through a proper error minimization technique. In this study, the mean 
absolute percentage error (MAPE) was selected to minimize the error 
between experiments and predictions in terms of fmc; based on previous 
investigations performed by the authors, this technique yields the most 
conservative results in terms of model calibration [19,50]. 

In particular, the overall error estimated according to MAPE (Err)m 
on the considered number n of datasets is given by: 

(Err)m =

∑n
i=1|Ei|

n
;Ei =

(
f exp

mc,i − f th
mc,i

)

f exp
mc,i

100 (7)  

where Ei is the i-th error between experiment (fexp
mc,i) and prediction 

(f th
mc,i). A few preliminary results can be found in recent paper [57]. 

Concerning the strength model expressed by Eq. (6), it is worth to 
highlight that, according to CNR-DT 215 [29], the coefficient α1 can be 
assumed equal to 0.5 in absence of reliable experimental results, while 

Table 1 
Cases of analysis.  

Case # nα αi α1 α2 α3 α4 α5 

1 5 α1, α2, α3, α4, α5      

2 4 α1, α2, α4, α5    0.00   
3 3 α1, α4, α5   1.00  0.15   
4 α1, α4, α5   1.10  0.00   
5 2 α4, α5  0.50  1.00  0.15   
6 α4, α5  0.40  1.10  0.00   
7 α1, α2    1.00  1.81  2.00 
8 α4, α5  0.50  1.00  1.00   
9 1 α5  0.50  1.00  0.15  1.00  
CNR-DT 215  

[29] 
– –  0.50  1.00  1.00  1.81  2.00  
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α2 and α3 can be set prudently equal to 1.0, unless experimental results 
are available to justify different assumptions; α4 and α5, instead, are set 
to 1.81 and 2, respectively. 

By following the preliminary outcomes reported in [19], and 
considering a further increased database, 9 analysis cases were per
formed to find the strength models fitting the experimental data best. 
These analysis cases are summarized in Table 1 and differ each other for 
the number of αi coefficients made to vary at the same time (1,2,3,4 or 5) 
while setting the others to constant values as reported in the Table. 

Of the 9 cases, 8 are those already considered in [19] (i.e., Case 1 and 
from Case 3 to Case 9). Specifically: 

- Case 1 considers the variability in the analyses of all the parameters 
with the purpose to provide updated values of αi coefficients in the 
strength model currently suggested by DT 215 [29]; 

- Cases 5 and 6 consider the variability of α4 and α5 by setting the 
remaining parameters to the values calibrated in [33] in the estimate of 
the compressive strength of masonry columns confined by FRP systems; 

- Cases 3 and 4 derive from Cases 5 and 6, respectively, but also 
consider the variability of α1; 

- Case 7 considers the variability in α1 and α2 by setting α3, α4, and α5 
to the values proposed by DT 215 [6] (i.e., α3 = 1.00, α4 = 1.81, and α5 
= 2.00); 

- Case 8, as opposed to Case 7, accounts for the variability of α4 and α5 
by setting α1, α2, and α3 to 0.50, 1.00, and 1.00, respectively, as sug
gested by DT 215 [6]; 

- Case 9 is the only one parameter analysis (α5) which derives from 
Case 5 with the addition of α4 = 1.00. 

Finally, Case 2 is a four-parameter analysis that, by setting α3 = 0, 
was taken into account in this study with the purpose to compare the 
calibrated value for α2 with the value α2 = 1.10 obtained for the case of 
FRP confinement [33]. 

In a first step of the proposed study (namely, Step 1), the cases of 
analysis were applied, one at a time, to three different groups of datasets, 
i.e.: 

- Group (1): all datasets together (n = 99), with the aim to find 
strength models suitable for any masonry type (NM and AM); 

- Group (2): datasets related to AM only (n = 77); 
- Group (3): datasets related to NM only (n = 22). 
In a second step of the proposed study (namely, Step 2), the same 

analysis cases were applied, once again, by treating the datasets sepa
rately per FRCM system (i.e., B, C, G, PBO and S- FRCM system) but 
without considering a further distinction between natural and artificial 
masonry (due to the limitation of available experimental datasets). 
Objective of this second step of the study is to better examine the 
strength performance of the confined masonry based on the FRCM type 
by identifying, for instance, composite systems more effective than 
others or, even, composites systems for which the same (or similar) 
strength models can be proposed. 

The results of the best-fit analyses are discussed in the following 
section. 

3.1. Step 1: Results of the analyses per masonry type and suitable for any 
FRCM system 

Table 2 provides, for each group of datasets considered in the first 
step of analyses, the best analytical solutions - labelled Proposal 1 and 
Proposal 2 - obtained from the application of the MAPE minimization 
technique to the nine examined cases reported in Table 1; the corre
sponding MAPE values are also provided. Proposals 1 and 2 account and 
do not for the contribution of the masonry mass density, respectively. 

As noted, in the case of the Group (1) (all datasets), Proposal 1 
basically confirms the best-fit model found in [19], with very slight 
modifications of αi coefficients. Proposal 2 provides the coefficient α2 =

1.05 very similar to that found by the authors for the FRP confinement (i. 
e., 1.05 vs 1.10) [33]; in spite of only a slight strength increase of the 
MAPE value with respect to Proposal 1, the model considers the possi
bility of neglecting the influence of the inorganic matrix, being α5 = 0. 
This model is also very similar to Proposal 2 found for AM, in which α2 =

1.10 and kmat is equal to unit; in particular, Proposal 2 found for AM is 
directly comparable to that proposed, for the same masonry type, in the 
case of FRP confinement [33] with the only exception that the coeffi
cient α1 is equal to 2/3 (FRCM system, Table 2) against 2/5 (FRP system 
[33]). 

In the case of NM, the found models are a bit more complex, since 
kmat seems to not assume a constant value and, a straight comparison 
with the relationships obtained for both the other two groups of datasets 
and the FRP confined masonry cannot be made. Conversely, based on 
the obtained MAPE values (basically, the same), the two proposals 
highlight the possibility of neglecting the contribution of the masonry 
mass density; indeed, when the contribution of the masonry mass den
sity is considered in the analysis, α3 is equal to 0.15), thus confirming 
what already found in the preliminary study [19]. 

In Fig. 10a, the two proposals suitable for all datasets are plotted 

together with the experimental 
(

fmc −
f l,eff
kmat

)

couples of datasets. In 

particular, the relationship expressed by Proposal 1 is plotted for three 
different gm values, i.e.: 1500, 1700 and 1900 kg/m3; similarly, the 
experimental data related to AM and NM are grouped per range of gm 
values. 

As shown, most experimental points exhibit f l,eff
kmat 

values lower than 
0.4. Also, the distribution of the experimental data differentiated by gm 
value does not seem to correctly match with the corresponding rela
tionship plotted by considering a given gm; in other words, a clear cor
relation between the compressive strength of the FRCM confined 
masonry and the masonry mass density cannot be identified based on the 
available experimental database. As a result, it can be stated that – as a 
first approximation deriving from the current experimental database - 
the Proposal 2 catches the overall phenomenon quite well and, despite 
the non-negligible scatter of data, represents a suitable and easy to apply 
model for the FRCM confined masonry. 

In Fig. 10b, the theoretical values, fmc
th
, calculated for the 99 

Table 2 
Strength models suitable for: any masonry type, artificial masonry only and natural masonry only.  

Masonry n Proposal 1 Proposal 2 

Describing Equation (Err)m Describing Equation (Err)m 

Any 
(ALL) 

99 fmc = 1 + 0.35
( gm

1000

)2.20
f l,eff

0.65 13.21% fmc = 1 + 1.05 f l,eff
0.60 13.64% 

kmat = 1.00 kmat = 0.95 
Artificial Masonry 

(AM) 
77 fmc = 1 + 0.60

( gm

1000

)1.25
f l,eff

0.60 12.86% fmc = 1 + 1.10 f l,eff
0.60 12.73% 

kmat = 1.00 kmat = 1.00 
Natural Masonry 

(NM) 
22 fmc = 1 + 1.00

( gm

1000

)0.15
f l,eff

0.40 11.95% fmc = 1 + 1.05 f l,eff
0.35 11.95% 

kmat = 0.40
(

ρmat
fc,mat

fm0

)1.40  

kmat = 0.40
(

ρmat
fc,mat

fm0

)1.65   
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datasets according to the two proposals are plotted with respect to the 
experimental ones, fmc

exp. The bisector corresponds to perfect agreement 
between predictions and tests; therefore, points falling in the lower part 
of the graph indicate conservative predictions whereas points falling 
over the line represent unconservative situations. As shown, whatever 
the proposal, a good number of data are well distributed along the 
bisector, and another significant set of data is well below the bisector 
thus indicating conservative predictions; unconservative predictions are 
also identified but they are in a reduced number and not highly signif
icant in the values. 

As a general consideration from Fig. 10 it can be stated that, the high 

scattering of the experimental results collected in the database is, of 
course, an issue to the development of more reliable analytical models, 
and the present proposals are those performing better in terms of error 
minimization between experiments and predictions. However, it is 
worth noting that, even though the overall error could be not repre
sentative of the possible error on a specific prediction, the choice of 
preferring to use the MAPE as error minimization technique with respect 
to counterpart methods assures the development of conservative pre
dictive models, as shown in Fig. 10b. 

Fig. 11a,b and 12a,b show plots similar to those of Fig. 10a,b but they 
focus on Group (2) (AM, n = 77) and Group (3) (NM, n = 22) of datasets, 

Legend:
exp. data AM_gm = 1600 kg/m3 exp. data AM_gm = 1700 kg/m3 AM
Proposal 1_AM_gm = 1600 kg/m3 Proposal 1_AM_gm = 1700 kg/m3

Proposal 2_AM Proposal 2_ALL
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3.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2

1.0
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2.0

2.5

3.0

1.0 1.5 2.0 2.5 3.0
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Proposal 2

th 
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(a) (b)

Fig. 11. Proposal 1 and 2 obtained by considering datasets related to artificial masonry only (a), and comparison between experimental data and predictions (b).  

(a) (b)

Legend:
exp. data NM_kmat < 0.15 exp. data NM_0.15 < kmat < 0.35 NM
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Proposal 2_NM_kmat = 0.1 Proposal 1_NM_kmat = 0.2
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Fig. 12. Proposal 1 and 2 obtained by considering datasets related to natural masonry only (a), and comparison between experimental data and predictions (b).  
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respectively. In particular, in Fig. 11a the experimental 
(

fmc −
f l,eff
kmat

)

values, differentiated by gm, are compared with Proposal 1 and Proposal 2 
obtained for the case of artificial masonry and, also, with Proposal 2 
suitable for any masonry type. First, the comparison shows the clear 
similarity among the considered models so that all of them can be 
suitable proposals for FRCM confined specimens made of artificial ma
sonry. To this purpose, it is worth highlighting that, in the case of AM, 
Proposal 1 trivially accounts for the contribution of the masonry mass 
density since, as mentioned earlier, the value of gm is almost never 
indicated in the scientific papers and therefore, for many datasets it has 
been assumed equal to 1700 kg/m3; therefore, by roughly replacing this 
value in Proposal 1, the model basically degenerates into Proposal 2. For 
the same reason, the comparison in Fig. 11b shows that, there is no 
significant difference between Proposal 1 and Proposal 2 found for AM, 
with most points well distributed about the bisector and a good number 
of them located in the conservative zone. 

In Fig. 12a the experimental 
(

fmc −
f l,eff
kmat

)

values, differentiated by 

kmat values, are compared with both Proposal 2 found for NM and Pro
posal 2 suitable for any masonry type. As shown, based on the available 
experimental database, a clear correlation between kmat and the 
compressive strength of the FRCM confined masonry cannot be identi
fied; indeed, the distribution of the experimental points does not show a 

palpable trend with kmat . 
Finally, the comparison in Fig. 12b between the accuracy of the 

predictions obtained by considering both Proposal 1 and Proposal 2 
found for NM does not show significant differences; therefore, both 
proposals are suitable and mostly provide conservative predictions. 

3.2. Step 2: Results of the analyses per FRCM system 

Table 3 provides, for each group of datasets considered in the second 
step of analyses, the best analytical solutions - labelled Proposal 1 and 
Proposal 2 - obtained from the application of the MAPE minimization 
technique to the nine examined cases; the corresponding MAPE values 
are also provided. Again, Proposals 1 and 2 account and do not for the 
contribution of the masonry mass density, respectively; indeed, Proposal 

2 does not include the variability of the term 
(

gm
1000

)α3
, since α3 = 0.

For the B-FRCM system, only one model is provided since in the 
performed analysis, Proposal 1 degenerates in Proposal 2, meaning that 
the best model in terms of error minimization is always that considering 
α3 = 0. This is also motivated by the gm data collection reported in 
Table A.1 and A.2 where three datasets show values -different from 
1700 kg/m3. 

For the PBO-FRCM system, instead, the models fitting the experi
mental datasets best linearly change with the normalized effective 

Table 3 
Strength models per FRCM system.  

FRCM 
system 

n Proposal 1 Proposal 2 

Describing Equation (Err)m Describing Equation (Err)m 

B-FRCM 13 – – fmc = 1 + 1.10 f l,eff
0.40 11.49% 

kmat = 0.55 
C-FRCM 25 fmc = 1 + 0.40

( gm

1000

)1.90
f l,eff

0.70 9.33% fmc = 1 + 1.10 f l,eff
0.70 9.25% 

kmat = 1.00 kmat = 0.95 
G-FRCM 26 fmc = 1 + 1.65

( gm

1000

)1.15
f l,eff 

12.24% fmc = 1 + 2.35 f l,eff
0.85 12.67% 

kmat = 0.90
(

ρmat
fc,mat

fm0

)0.25 

kmat = 0.85
(

ρmat
fc,mat

fm0

)0.25 

PBO-FRCM 10 fmc = 1 + 0.55
( gm

1000

)3.90
f l,eff 

10.09% fmc = 1 + 4.36 f l,eff 10.09% 

kmat = 1.00 kmat = 1.00 
S-FRCM 25 fmc = 1 + 0.20

( gm

1000

)3.90
f l,eff

0.80 8.68% fmc = 1 + 0.75 f l,eff
0.35 13.45% 

kmat = 1.00 kmat = 0.70  

Legend:
exp. data AM exp. data NM exp. data AM
Proposal 2_B Proposal 2_ALL Proposal 2_C Proposal 2_ALL

(a) (b)
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Fig. 13. Proposal 1 and 2: B-FRCM system (a), and C-FRCM system.  
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confining pressure being α1 = 1 (see Eq. (3)). 
Except for the G-FRCM system, all the models neglect the depen

dence of kmat on the masonry compressive strength, since the performed 
analyses always yielded α5 = 0. This means that, based on Eq. (5), these 
models are not affected by the change of the values assumed by the 
parameters ρmat and fmat,c

fm 
from which kmat depends on. This result may 

seem to be in conflict with what it is known in the literature, since it has 
been frequently experienced that the early or delayed cracking of the 
inorganic matrix has an influence on the overall behaviour of the FRCM 
confined masonry under compression [32,42]. To this purpose, the au
thors are firmly aware that the matrix properties is an important 
parameter in the FRCM systems; however, at the same time, establishing 
the criteria through which it is possible to predict the structural per
formance of the confined member based on the available data is very 
hard and, maybe, the parameter kmat is not the most suitable means. 

Indeed, the analysis of the influence of the mortar shall always be 
coupled with other parameters, such as the geometry of the mesh (with 
more or less dense fibers) and the compressive strength of the masonry. 
However, given the heterogeneity of data currently available in the 
database, the effective influence of the mortar seems to be not visible in 
the proposed models which purpose is to simulate, on average, the 
strength performance of confined members. 

Fig. 13a and 13b show the comparison between the experimental 
(

fmc −
f l,eff
kmat

)

values and the Proposal 2 specifically derived for the case of 

B- and C- FRCM systems, respectively; for a better comparison, Proposal 
2 suitable for any FRCM system is also plotted in both figures. 

Mainly for the C-FRCM system (Fig. 13b), there is no significant 
difference between the companion models - namely Proposal 2_C (or B) 
and Proposal 2_ALL – so that the general model suitable for any fiber type 
can be successfully applied for these two systems. Also, in the case of the 
C-FRCM system, all datasets include confined specimens made of AM for 
which gm = 1700 kg/m3 is always applicable. As a result, Proposal 1 in 
Table 3 trivially degenerates into Proposal 2 and, therefore, it is not 
plotted in Fig. 13b. 

Fig. 14a and 14b show the comparison between the experimental 
(

fmc −
f l,eff
kmat

)

values and the Proposal 2 specifically derived for G- and 

PBO- FRCM systems, respectively; for a better comparison, Proposal 2 

suitable for any FRCM system is also plotted in both figures. 
For the G-FRCM system (Fig. 14a), Proposal 2 has been plotted by 

considering three different values of kmat (i.e., 0.4, 0.7 and 0.9) which 
were chosen based on the variability of such parameter within proper 
kmat ranges identified among the experimental datasets. Also in this case, 
a clear correlation between kmat and fmc is not strictly identified; the 
distribution of experimental datasets per kmat about the plotted re
lationships seems rather random. 

By focusing on the PBO-FRCM system (Fig. 14b), it is noted a sig
nificant difference between the companion models - namely Proposal 
2_PBO and Proposal 2_ALL – so that the general model found for any fiber 
type does not seem to be successfully applicable to this system, mainly 

under f l,eff
kmat 

values higher than 0.2. Even though the available datasets for 
the PBO-FRCM system are only 10 and, therefore, the obtained result 
needs a deeper investigation in future, the plot highlights a better per
formance of this system with respect to the others and a clear correlation 
of the normalized compressive strength with f l,eff . The motivation is not 

(a) (b)

Legend:
exp. data AM_kmat < 0.6 exp. data NM_kmat < 0.6 exp. data AM Proposal 2_PBO
exp. data AM_0.6 < kmat < 0.8 exp. data NM_0.6 < kmat < 0.8 Proposal 2_ALL
exp. data AM_0.8 < kmat < 1 exp. data NM_0.8 < kmat < 1
Proposal 2_G_ kmat = 0.4 Proposal 2_G_ kmat = 0.7
Proposal 2_G_ kmat = 0.9 Proposal 2_ALL
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Fig. 14. Proposal 1 and 2: G-FRCM system (a), and PBO-FRCM system.  

Legend:
exp. data AM_ gm = 1600 kg/m3 exp. data AM_ gm = 1700 kg/m3

exp. data NM_ gm = 1400 kg/m3 Proposal 1_S_ gm = 1400 kg/m3
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Fig. 15. Proposal 1 and 2: S-FRCM system.  
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evident but, looking at the database in Table A.1, it may seem that the 
values of the mechanical and geometrical parameters characterizing the 
considered datasets are less scattered. Furthermore, like the C-FRCM 
system, all the collected datasets include confined specimens made of 
AM for which gm = 1700 kg/m3 is always applicable. As a result, Proposal 
1 in Table 3 trivially degenerates into Proposal 2 and, therefore, it is not 
plotted in Fig. 14b. 

Fig. 15 shows the comparison between the experimental 
(

fmc −
f l,eff
kmat

)

values and both Proposal 1 and Proposal 2 specifically derived for the S- 
FRCM system; furthermore, for a better comparison, Proposal 2 suitable 
for any FRCM system is reported. Proposal 1 has been plotted by 
considering three different values of gm (i.e., 1400, 1600 and 1700 kg/ 
m3) corresponding to the values identified among the 25 collected 
datasets. 

With respect to the other FRCM systems, a clearer correlation be
tween the gm values characterizing the experimental datasets and Pro
posal 1 is identified, with data related to NM well distributed about the 
relationship plotted by considering gm = 1400 kg/m3. Also in this case, 

most experimental points are concentrated towards f l,eff
kmat 

values lower 
than 0.4 where both Proposal 2_S and Proposal 2_ALL provide accurate 
predictions. 

Finally, in Fig. 16a and 16b the models found for the considered 
FRCM systems are compared. In particular, the comparison in Fig. 16a is 
related to the models “Proposal 1” i.e., to those accounting for the 
contribution of the masonry mass density gm (gm = 1700 kg/m3 has been 
assumed in the figure), while the plot in Fig. 16b refers to the more 
simplified models “Proposal 2”. In both figures, the models obtained for 
the G-FRCM systems are not plotted because they also account for the 
variability of the parameter kmat . 

From the figures it is observed that, concerning Proposal 1, the 
models found for the various FRCM systems differ from each other; for a 

given f l,eff
kmat 

ratio, the best performance is provided by the linear rela
tionship found for the PBO-FRCM system. Concerning Proposal 2, the 
PBO model provides, again, the best performance, while the relation
ships obtained for the other systems are more similar to each other; in 
particular, a unique relationship may be suggested for the B- and S- 
FRCM systems. 

4. Comparison with design guidelines 

The accuracy of the proposed models in Table 2 and Table 3 was 
compared with the suitability of the analytical formulas suggested by the 
mentioned guidelines CNR-DT 215 [29] and ACI 549.6R [30]. In 
particular, the latter guide is the result of the work carried out by ACI 

549-L Committee and the RILEM Committee TC 250-CSM, in which 
design indications are provided according to both American (ACI) and 
European approaches (RILEM); consequently, two different formula
tions are given in the guide, provided in Table 4 together with the model 
by CNR-DT 215 [29] which is reported again for a better understanding. 

As shown, the model following the “ACI approach”, labelled here ACI 
549.6R_1, is very similar to the formulation suitable for FRP applications 
[58]; the model following the “European approach”, labelled here ACI 
549.6R_2, has a structure more similar to that adopted by CNR-DT 215 
[29], since it considers the contribution of the inorganic matrix even 
though it neglects the influence of the masonry mass density. 

The bar charts in Fig. 17a,b,c show the model errors in terms of 
MAPE values calculated by applying the mentioned formulations to 
either the 99 datasets together (Fig. 17a) or treating artificial (Fig. 17b) 
and natural masonry (Fig. 17c) separately. In particular, in Fig. 17b the 
model errors were calculated by considering both the proposals specif
ically found for AM (namely, Proposal 1_AM and Proposal 2_AM) and the 
general ones found for all datasets (namely, Proposal 1_ALL and Pro
posal 2_ALL). A similar comparison is provided in Fig. 17c where the 
proposals specifically found for NM are labelled Proposal 1_NM and 
Proposal 2_NM. 

It is worth highlighting that the code formulations were applied to 
the considered datasets without introducing both the safety factors to 
use for design purposes and the limitations for the ultimate tensile 
failure of the fiber mesh εf ,u. 

From the plots it is noted that new proposals provide the best pre
dictions, followed by the models suggested by CNR-DT 215 [29] and by 
the model ACI 549.6R_1 [30]; the less accurate estimates are provided 
by the formulation labelled ACI 549.6R_2 [30], with errors up to 81% in 
the case of NM; however, it is common to all the guidelines’ formulas 
that the less accurate predictions are obtained in the case of NM, 
probably due to the lack of experimental data available at the time of 
their validation which, instead, will have been mostly based on AM. 
Finally, the comparisons in Fig. 17 allow for validating the accuracy of 
the general models proposed for any type of masonry (Proposal 1_ALL 
and Proposal 2_ALL) since, based on the model errors, they can be 
successfully applied for the case of natural and artificial masonry. 

Bar charts like those in Fig. 17 are shown in Fig. 18 where the MAPE 
values were calculated by separating the datasets per FRCM system. 
Again, for each group of datasets, the accuracy of both guidelines’ for
mulas and proposed models - the latter developed with reference to all 
datasets and to those of the given FRCM system – is examined. 

Overall, the model by CNR-DT 215 [29] provides rather good esti
mates whatever the FRCM system, with the most accurate predictions in 
the case of glass (MAPE error = 18%, Fig. 18c) and PBO (MAPE error =
17.5, Fig. 18d) fibers. Conversely, the model ACI 549.6R_1 [30] provides 

Fig. 16. Comparison among the FRCM systems in terms of Proposal 1 (a) and Proposal 2 (b).  
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good estimates in the case of basalt (MAPE error = 16.6%, Fig. 18a), 
glass (MAPE error = 16.8%, Fig. 18c) and PBO (MAPE error = 15.3%, 
Fig. 18d) fibers and less reliable predictions for carbon (MAPE error =
26.7%, Fig. 18b) and steel fibers (MAPE error = 39.2%, Fig. 18e). 

The alternative model ACI 549.6R_2 [30], instead, seems to provide 
the less accurate estimates, particularly for the case of C- (MAPE error =
93.2%, Fig. 18b) and G-FRCM system (MAPE error = 65.8%, Fig. 18c) 
while errors lower than 30% were found only in the case of basalt fibers 

Table 4 
Summary of the strength models available in the literature or in international guidelines*.  

Guidelines 
Normalized effective confining pressure, f l,eff =

fl,eff
fm  

MODEL, fmc =
fmc

fm  

ACI 549.6R [30] 
“ACI approach” 

f l,eff = kH kV
fl
fm

= kH kV

1
2
• ρf • Ef • εf ,u

fm
kH =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1(circularsections)

(
B
H

)2

⎡

⎢
⎢
⎢
⎢
⎣

1 −

[(
B
H

)

(H − 2rc)
2
+

(
H
B

)

(B − 2rc)
2

]

3 • (B • H)

⎤

⎥
⎥
⎥
⎥
⎦

(
rectangularsections)

kV =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1 ( continuous wrapping)
(

1 −
p′

f

2⋅D

)2

1 −
p′

f

2⋅min(B,H)

(discontinuous wrapping)

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(circular sections)

(rectangular section)

ρf =

⎧
⎪⎪⎨

⎪⎪⎩

4
tf
D
(circularsections)

4
tf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ (rectangularsections)

B = short side dimension of the rectangular cross-section 
H = long side dimension of the rectangular cross-section 

fmc = 1 + 3.30 f l,eff 

ACI 549.6R [29]   
“European 

approach” 
f l,eff = kH kV

fl
fm

= kH kV

1
2
• ρf • Ef • εf ,u

fm
kH =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

1(circularsections)
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B
H
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⎢
⎣
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B
H

)
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2
+

(
H
B
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2

]

3 • (B • H)

⎤

⎥
⎥
⎥
⎥
⎦

(
rectangularsections)

kV =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

1 ( continuous wrapping)
(

1 −
p′

f

2⋅D

)2

1 −
p′

f

2⋅min(B,H)

(discontinuous wrapping)

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(circular sections)

(rectangular section)

ρf =

⎧
⎪⎪⎨

⎪⎪⎩

4
tf
D
(circularsections)

4
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ (rectangularsections)

B = short side dimension of the rectangular cross-section 
H = long side dimension of the rectangular cross-section 

fmc = 1 + k fl,eff
0.50k = 6ρmat
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ρmat =

⎧
⎪⎪⎨

⎪⎪⎩

4 • tmat
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(circularsections)

4 • tmat
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ (rectangularsections)

CNR-DT 215  
[29] f l,eff = kH kV

fl
fm

= kH kV
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2
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f
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(circular sections)

(rectangular section)

ρf =

⎧
⎪⎪⎨

⎪⎪⎩

4
tf
D
(circularsections)

4
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̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ (rectangularsections)

fmc = 1 +
( gm

1000

)
f l,eff

0.50kmat = 1.81
(

ρmat
fmat,c

fm

)2

≤

1ρmat =

⎧
⎪⎪⎨

⎪⎪⎩

4 • tmat

D
(circularsections)

4 • tmat
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2+H2

√ (rectangularsections)

* See the section “Nomenclature” for the meaning of symbols. 
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(MAPE error = 28.7%, Fig. 18a). Even though the overall less accuracy 
of this model needs more investigation in future, a reason could rely on 
the estimate of the k parameter (=6ρmat

fmat,c
fm ) which directly multiplies 

the normalized effective confinement. According to the authors, k 
should be limited to a maximum value to be properly identified. Indeed, 
for significantly high values assumed by ρmat or, especially, by fmat,c

fm 
or by 

their product, the k value might significantly affect the prediction of the 
normalized compressive strength which can reach so high values to be 
unrealistic. Conversely, concerning the good accuracy of the model by 
CNR-DT 215 [29], it can be observed that, the parameter kmat has the 
same structure of the parameter k in the formulation by ACI 549.6R_2 
[30] but its influence is limited to 1 (i.e., kmat ≤ 1, see Eq. (1) or Table 4). 
The meaning of kmat , indeed, should be to reduce the efficiency of the 

confining jacket in cases of non-optimal geometric and mechanical 
conditions related to the inorganic matrix; this is the reason for which 
kmat is directly reported in the analytical expression of the lateral 
confining pressure (see Eq. (4) or Table 4). 

As expected, the models specifically found for each FRCM system 
provide the best estimates; however, the general formulations suitable 
for any fiber type (Proposal 1_ALL and Proposal 2_ALL) also yield good 
predictions, and only in the case of the G- and PBO- FRCM systems the 
MAPE errors approach 20%. 

5. Conclusions 

In this paper, research advances performed by the authors on the 
compressive strength of masonry columns confined with FRCM com
posites have been presented. The performed analytical study was based 
on a wide experimental database compiled from the literature and 
including the results of 261 compression tests on masonry members 
confined by FRCM, most of which with square or rectangular cross- 
section and only 28 with circular cross-section. 

A reduced number of members was made of natural blocks (tuff units 
or limestone) while the majority of them was manufactured by properly 
assembling clay bricks. 

The collected database was a valuable tool to provide an overview 
about the scatter of values assumed by some key geometric and me
chanical parameters investigated in the experimental studies and useful 
for the subsequent development of strength models. The analysis has 
shown that, regardless of the masonry mass density gm, the values of 
such parameters are quite scattered by varying the FRCM confinement 
system and, thus, examining the influence of these parameters on the 
compression strength is a challenging task. Concerning the parameter 
gm, instead, an in-depth study on its effect on the compressive strength 
fmc was not possible on the basis of the available data; indeed, the values 
of the masonry mass density investigated in the experimental studies 
were often not indicated in the scientific papers, mainly in the case of 
clay brick masonry specimens which represent the majority of collected 
members. 

Several analysis cases were taken into account in order to find sound 
formulas to estimate the compressive strength of the FRCM confined 
masonry. The relationships were found by best-fitting the experimental 
test results which were preventively organized in homogeneous 
datasets. 

The first step of the analytical study focused on the development of 
strength models both suitable for any masonry type (natural and arti
ficial) and specifically applicable to artificial masonry (AM) only or 
natural masonry (NM) only. From those analyses, the following main 
conclusions were drawn: 

- overall, the compressive strength of the FRCM confined masonry, 
whatever the masonry type, can be predicted by an easy – to – apply 
relationship which does not account for the contribution of both ma
sonry density and inorganic matrix’s properties; the structure of this 
formula is very similar to that found by the authors in a previous study 
on the FRP confinement of masonry and, also, to the relationships spe
cifically derived by considering only datasets related to AM. 

- a better investigation is needed in future studies for the case of NM, 
for which the datasets available so far are very few and the obtained 
results require a more in-depth analysis. 

The second step of the analytical study focused on the development 
of strength models better suitable for the specific fiber type investigated 
in the FRCM system (basalt - B, carbon - C, glass - G, PBO and steel - S), 
but without considering a further distinction between natural and arti
ficial masonry. From those analyses, it has been found that a unique 
relationship may be suggested for the B- and S- FRCM systems, while the 
strength model found for the PBO-FRCM system seems to provide the 
best performance. 

The last step of the study focused on comparing the accuracy of the 
models predictions with the analytical estimates obtained by using the 
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Fig. 17. Accuracy of strength models: a) all datasets; b) datasets related to AM; 
c) datasets related to NM. 
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formulations suggested by the Italian guidelines CNR-DT 215/2018 and 
by the American guide ACI 549.6R/2020 (this guide provides two 
alternative relationships). The following observations were made: 

- the new proposals provide the best predictions (model errors in the 
range 12–14%), followed by the models suggested by CNR-DT 215 
(model errors about 20–21%) and by the model ACI 549.6R which ne
glects the inorganic matrix’s properties (model errors in the range 
20–40%); the less accurate estimates are provided by the alternative 
formulation provided ACI 549.6R which accounts for the inorganic 
matrix’s properties, with errors up to 81% in the case of NM; however, it 
is common to all the guidelines’ formulas that the less accurate pre
dictions are obtained in the case of NM, probably due to the lack of 
experimental data available at the time of their validation which, 
instead, will have been mostly based on AM. 

- as expected, the models specifically found for each FRCM system 

provide the best estimates; however, the general formulations suitable 
for any fiber type also yield good predictions, and only in the case of the 
G- and PBO- FRCM systems the MAPE errors approach 20%. 

- overall, the model by CNR-DT 215 provides rather good estimates 
whatever the FRCM system, with the most accurate predictions in the 
case of G and PBO fibers (model errors about 17–18%). 

- in the case of basalt, glass and PBO fibers, good predictions are also 
provided by the model ACI 549.6R which neglects the inorganic matrix’s 
properties (model errors about 15–17%). 

In continuity to the study presented here, it is worth mentioning that 
the development of analytical formulas for the prediction of the ultimate 
strain is ongoing by the authors. Then, a comparison in terms of reli
ability with the few formulas published in the literature or reported in 
international guidelines will be performed. To this purpose, it is high
lighted that Guidelines CNR-DT 215 do not currently provide indications 

(a) (b)

(c) (d)

(e)

19.9

16.6

28.7

15.9

11.5

11.5

5 10 15 20 25 30 35 40 45 50 55 60

DT 215

ACI 549.6R_1

ACI 549.6R_2

Proposal 1_ALL

Proposal 2_ALL

Proposal 2_B
M

od
el

B-FRCM
n = 13

MAPE Model error [%]

22.2

26.7

10.3

10.4

9.3

9.2

5 10 15 20 25 30 35 40 45 50 55 60

DT 215

ACI 549.6R_1

ACI 549.6R_2

Proposal 1_ALL

Proposal 2_ALL

Proposal 1_C

Proposal 2_C

M
od

el

C-FRCM
n = 25

MAPE Model error [%]

18.0

16.8

19.6

13.8

12.2

13.5

5 10 15 20 25 30 35 40 45 50 55 60

DT 215

ACI 549.6R_1

ACI 549.6R_2

Proposal 1_ALL

Proposal 2_ALL

Proposal 1_G

Proposal 2_G

M
od

el

G-FRCM
n = 26

MAPE Model error [%]

17.5

15.3

41.7

20.3

20.1

10.1

10.1

5 10 15 20 25 30 35 40 45 50 55 60

DT 215

ACI 549.6R_1

ACI 549.6R_2

Proposal 1_ALL

Proposal 2_ALL

Proposal 1_PBO

Proposal 2_PBO

M
od

el

PBO-FRCM
n = 10 

MAPE Model error [%]

21.0

39.2

58.5

9.8

13.7

8.7

13.4

5 10 15 20 25 30 35 40 45 50 55 60

DT 215

ACI 549.6R_1

ACI 549.6R_2

Proposal 1_ALL

Proposal 2_ALL

Proposal 1_S

Proposal 2_S

M
od

el

S-FRCM
n = 25

MAPE Model error [%]

93.2

65.8

Fig. 18. Accuracy of strength models: a) B-FRCM; b) C-FRCM; c) G-FRCM; d) PBO-FRCM; e) S-FRCM.  
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about the estimate of the ultimate strain of the FRCM confined masonry, 
and the study under preparation may represent a first attempt to provide 
a contribution to the mentioned document. In carrying out the work, the 
possibility of applying machine learning regression to fit the experi
mental test data will be also examined. 
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Appendix A:. Description of the database and details 

The main details of 116 datasets collected from the literature are provided in Table A.1 and Table A.2 for the case of prismatic and cylindrical 
specimens, respectively. Each dataset has been identified by following the “Design by testing” approach recommended by the Annex D of Eurocode 
0 [54]. In particular, it is representative of a group of N experimental tests performed by same researchers and characterized by uniformity in terms of:  

a) material and masonry arrangement (type, gm and scheme),  
b) specimen size (B, H, L and rc for square/rectangular columns; D and L for circular columns),  
c) geometry, typology of FRCM system and confinement layout (γf , tf ,j, nf , Lb, kV and kH),  
d) mechanical properties of the fiber mesh (ff ,u, Ef and εf ,u),  
e) thickness (tmat) and mechanical properties of the inorganic matrix employed in the FRCM system (fmat,c, fmat,b and Emat);  
f) compressive strength of the unconfined masonry (fm); 

The experimental result attributed to each dataset, provided in Table A.1 and A.2 in terms of compressive strength of the FRCM confined masonry 
fmc, normalized with respect to fm (i.e.,fmc

fm ), represents the average value calculated from the collected N tests; for more details, reference to [19] can be 
made. 

In detail, for each dataset the following information is reported in Table A.1 and Table A.2:  

a) the reference to the manuscript (“source”) from which the experimental data were obtained;  
b) the nature of masonry (type), its mass density (gm), the compressive strength of the unconfined masonry (fm), and the arrangement of the masonry 

units in both plan and elevation (scheme) of the member. The latter information is applicable to prismatic specimens only and can be found in [19]; 
in particular, five layouts were identified based on the number of bricks and mortar joints employed in the cross-section, and none of those schemes 
indicate hollow sections. It is noted that when the mass density has not been found in the literature papers, a typical average value of gm for that 
type of masonry has been assumed and indicated in the tables (in such cases the gm values are reported in italics);  

c) the label of each single dataset, “ID”;  
d) the number “N” of tests grouped under the same dataset;  
e) the geometry of each specimen (B, H and rc are, respectively, the width, the depth and the corner radius of the rectangular cross-section; D is the 

diameter of the circular cross-section; L is the height of the column);  
f) the mechanical and geometric properties of the inorganic matrices (Emat , fmat,c, fmat,b) are, respectively, the elastic modulus in compression, the 

compressive strength and the bending strength of the matrix, while tmat is the overall thickness of the FRCM jacket;  
g) the type (BD = bidirectional; UD = unidirectional) and the properties of the fabric meshes (γf , ff ,u, Ef , εf ,u, and tf ,j) are, respectively, the density, the 

tensile strength, the elastic modulus and the ultimate strain of the dry strengthening sheet, and the equivalent thickness of the single layer);  
h) the number (nf ) and the overlapping length (Lb) of the FRCM layers;  
i) the coefficients of horizontal and vertical confinement efficiency (kH and kV , respectively), the former calculated according to the guidelines DT 

215 [29] and the latter estimated as suggested by DT 200 R1 [55];  
j) the strain efficiency factor (kε) of the FRCM system attributed to the dataset, information available only for a few datasets performed on FRCM 

confined specimens with circular cross-section. It is defined as the ratio between the ultimate hoop strain experimentally measured in the FRCM 
jacket (εj,u) – obtained by averaging the values available from each test included in the dataset – and the ultimate strain found from fiber coupon 
tensile tests (εf ,u);  

k) the main experimental test result in terms of fmc
fm 

and the dominant failure mode exhibited by test specimens (FM), i.e.: jacket failure (JF), debonding 
of the reinforcement at the overlap region (DB) and fiber–matrix slippage (S). 

For each of the five investigated FRCM confining systems, the bar charts in Fig. A.1 display the distribution of the values available for some main 
parameters (1 geometrical and 2 mechanical) of the tests included in the 99 datasets. Particularly, each plot shows the number of datasets in function 
of the range of values assumed by the following parameters: 
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Table A1 
Experimental database organized per datasets: FRCM confined specimens with square and rectangular cross-section (108 datasets).  

B-FRCM systems 

Source Masonry Specimens Strengthening Results 

Matrix’s properties Fabric mesh’s properties Jacket 

Type gm Scheme 
[12] 

Dataset ID N B H L rc fm fmat,c fmat,b Emat tmat type γf ff,u Ef εf,u tf,j nf Lb kV kH fmc/fm FM 

[kg/m3] [-] [mm] [mm] [mm] [mm] [MPa] [MPa] [MPa] [GPa] [mm] [-] [g/m2] [MPa] [GPa] [%] [mm] [-] [mm] [-] [-] [-] 

[35] CB 1700 1a M1_BF_1,2 2 230 230 960 20 4.68 0.55 0.44 - 10 BD 250 1542 89.00 1.80 0.039 1 460 1.00 0.55 1.74 JF 
M3_BF_1,2 2 9.42 4.54 3.13 - 10 1 460 1.00 0.55 1.14 JF 

[36] CB 1700 4 S-2B-L (1), (2) 2 360 360 900 12 1.61 0.87 - - 18 BD 170 - 370.00 1.62 0.046 2 360 1.00 0.42 1.10 JF 
S-2B-F (1), (2) 2 9.83 - - 18 2 360 1.00 0.42 1.04 JF 

5 R-2B-L (1), (2) 2 630 360 900 12 1.45 0.87 - - 18 2 360 1.00 0.42 0.99 JF 
R-2B-F (1), (2) 2 9.83 - - 18 2 360 1.00 0.29 1.00 JF 

[37] LS 1600 3 S_Bgrid 1 400 400 2100 20 4.78 13.61 15.54 - 15 BD 250 1602 89.00 1.80 0.039 1 100 1.00 0.46 1.68 DB 
[38] CB 1700 1a C-B-R-1, 2, …5 5 250 250 770 20 4.87 15.00 - - 10 BD 200 1700 70.00 2.43 0.032 1 100 1.00 0.53 1.14 JF 

C-B-S-1, 2, …5 5 250 250 770 0 1 100 1.00 0.33 1.18 JF 
[39] CB 1700 1a C-B-1 1 250 250 770 20 5.35 12.85 2.65 - 6 BD - 930 70.30 1.40 0.064 1 - 1.00 0.53 1.44 DB-JF 

C-B-2 1 9 2 - 1.00 0.53 1.29 DB-JF 
[40] CB 1700 1a A_B3 1 215 215 670 20 9.97 37.80 9.30 - 20* BD 220 - 89.00 - 0.037 3 195 1.00 0.56 1.15 JF 

A_B5 1 30* 5 195 1.00 0.56 1.31 JF 
A_B7 1 40* 7 195 1.00 0.56 1.44 JF 

1c B_B3 1 215 440 670 20 8.79 20* 3 195 1.00 0.33 1.03 JF 
B_B5 1 30* 5 195 1.00 0.33 1.11 JF 
B_B7 1 40* 7 195 1.00 0.33 1.17 JF  

C-FRCM systems 
[21] CB 1700 1a C1_1_R20 3 240 240 300 20 1.19 5.27 - - 5 BD 220 4800 220.00 2.20 0.047 1 100 1.00 0.54 1.74 JF 

C1_1_R10 3 240 240 300 10 1 100 1.00 0.44 2.86 JF 
C2_1_R10 3 10 2 100 1.00 0.44 3.87 JF 
C3_1_R10 3 15 3 100 1.00 0.44 5.07 JF 
C1_1_R10 3 240 240 310 10 4.07 35.00 - - 6 BD 270 3800 230.00 1.65 0.075 1 120 1.00 0.44 1.05 DB-JF 
C2_1_R10 3 9 2 120 1.00 0.44 1.28 DB-JF 
C3_1_R10 3 12 3 120 1.00 0.44 1.57 DB-JF 
C1_1_R20 3 240 240 310 20 6 1 120 1.00 0.54 0.87 DB-JF 
C2_1_R20 3 9 2 120 1.00 0.54 1.89 DB-JF 
C3_1_R20 3 12 3 120 1.00 0.54 2.22 DB-JF 

1b C1_1.5_R10 3 240 360 310 10 4.76 6 1 180 1.00 0.37 1.08 DB-JF 
C2_1.5_R10 3 9 2 180 1.00 0.37 1.28 DB-JF 
C3_1.5_R10 3 12 3 180 1.00 0.37 1.55 DB-JF 

1c C1_2_R10 3 240 480 310 10 7.38 6 1 240 1.00 0.25 0.96 DB-JF 
C2_2_R10 3 9 2 240 1.00 0.25 1.18 DB-JF 
C3_2_R10 3 12 3 240 1.00 0.25 1.23 DB-JF 

[22,41] CB 1700 4 CP_RC170_01,02 2 380 380 1000 20 12.63 6.52 - 5.90 7 BD 170 2363 220.36 1.80 0.047 2 250 1.00 0.47 1.04 JF 
[40] CB 1700 1a A_CH1 1 215 215 670 20 9.97 37.80 9.30 - 10* BD 348 4800 225.00 2.13 0.095 1 195 1.00 0.56 1.13 JF 

CB 1700 1a A_CH2 1 215 215 670 20 37.80 9.30 - 15* BD 348 4800 225.00 2.13 0.095 2 195 1.00 0.56 1.47 JF 
A_CH3 1 20* 3 195 1.00 0.56 1.61 JF 

1c B_CH1 1 215 440 670 20 8.79 10* 1 195 1.00 0.33 1.18 JF 
B_CH2 1 15* 2 195 1.00 0.33 1.35 JF 
B_CH3 1 20* 3 195 1.00 0.33 1.37 JF 

1a A_CL1 1 215 215 670 20 9.97 10* 220 3800 225.00 1.69 0.062 1 195 1.00 0.56 1.07 JF 
A_CL2 1 15* 2 195 1.00 0.56 1.40 JF 
A_CL3 1 20* 3 195 1.00 0.56 1.45 JF 

1c B_CL1 1 215 440 670 20 8.79 10* 1 195 1.00 0.33 1.09 JF 
B_CL2 1 15* 2 195 1.00 0.33 1.19 JF 

(continued on next page) 
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Table A1 (continued ) 

B-FRCM systems 

Source Masonry Specimens Strengthening Results 

Matrix’s properties Fabric mesh’s properties Jacket 

Type gm Scheme 
[12] 

Dataset ID N B H L rc fm fmat,c fmat,b Emat tmat type γf ff,u Ef εf,u tf,j nf Lb kV kH fmc/fm FM 

[kg/m3] [-] [mm] [mm] [mm] [mm] [MPa] [MPa] [MPa] [GPa] [mm] [-] [g/m2] [MPa] [GPa] [%] [mm] [-] [mm] [-] [-] [-] 

B_CL3 1 20* 3 195 1.00 0.33 1.52 JF  

G-FRCM systems 
[37] LS 1600 3 S_Grid 1 400 400 2100 20 4.78 13.61 5.54 - 15 BD 225 1296 72.00 1.80 0.035 1 100 1.00 0.46 1.50 DB 
[41] CB 1700 4 CP_RV320_01, 02 2 380 380 1000 20 12.63 6.52 - 5.90 7 BD 300 1200 60.00 2.00 0.064 2 250 1.00 0.47 1.07 JF 
[42] LS 1530 1a FRCM_M4_1, 2, 3 3 250 250 500 30 7.61 4.15 - - 10 BD 120 742.4 37.12 2.00 0.250 1 250 1.00 0.61 1.06 DB/DB-JF/S 

FRCM_M7_1, 2, 3 3 7.26 - - 10 1 250 1.00 0.61 1.31 JF 
FRCM_M23_1, 2, 3 3 250 250 500 30 22.93 - - 10 1 250 1.00 0.61 1.87 JF 

[43] LS  
(CALC) 

1800 1a CM8-1, 2, 3 3 250 250 500 20 5.23 1.67 0.79 - 10 BD 220 1400 70.00 2.00 0.088 1 250 1.00 0.53 1.17 JF 
CM13-1, 2, 3 3 2.16 0.95 - 10 1 250 1.00 0.53 1.11 JF 
CC25-1, 2, 3 3 16.84 4.78 - 10 1 250 1.00 0.53 1.14 JF 

[40] CB 1700 1a A_G3 1 215 215 670 20 9.97 37.80 9.30 - 20* BD 220 1400 74.00 1.89 0.044 3 195 1.00 0.56 1.28 JF 
A_G5 1 30* 5 195 1.00 0.56 1.35 JF 
A_G7 1 40* 7 195 1.00 0.56 1.49 JF 

1c B_G3 1 215 440 670 20 8.79 20* 3 195 1.00 0.33 1.02 JF 
B_G5 1 30* 5 195 1.00 0.33 1.08 JF 
B_G7 1 40* 7 195 1.00 0.33 1.12 JF 

[32] TU 1400 1a 3, 4_RM - UniSal 2 250 250 615 20 2.25 9.10 - - 10 BD 300 1929 108.00 1.80 0.060 1 250 1.00 0.53 1.10 JF 
5, 6_RM - UniSal 2 15 2 250 1.00 0.53 1.66 JF 
7, 8_RM - UniSal 2 20 3 250 1.00 0.53 2.08 JF 

TU 1400 1a 3, 4_RM - UniPa 2 250 250 615 20 2.85 9.10 - - 10 BD 300 1929 108.00 1.80 0.060 1 250 1.00 0.53 1.00 JF 
5, 6_RM - UniPa 2 15 2 250 1.00 0.53 1.10 JF 
7, 8_RM - UniPa 2 20 3 250 1.00 0.53 1.52 JF 

CB 1600 1a 3, 4_RM - UniCal 2 250 250 575 20 3.58 9.10 - - 10 BD 300 1929 108.00 1.80 0.060 1 250 1.00 0.53 1.59 JF 
5, 6_RM - UniCal 2 15 2 250 1.00 0.53 2.27 JF 
7, 8_RM - UniCal 2 20 3 250 1.00 0.53 2.32 JF 

CB 1600 1a 3, 4_RM - UniNa 2 250 250 575 20 5.62 9.10 - - 10 BD 300 1929 108.00 1.80 0.060 1 250 1.00 0.53 1.18 JF 
5, 6_RM - UniNa 2 15 2 250 1.00 0.53 1.05 JF 
7, 8_RM - UniNa 2 20 3 250 1.00 0.53 1.37 JF  

PBO-FRCM systems 
[31] CB 1700 2 W_C-1, 2, 3 3 200 90 380 10 36.33 28.40 - - 8 BD - 5800 270.00 2.15 0.092 1 100 1.00 0.31 1.16 S 

1a SQ_C-1, 2, 3 3 102 100 240 10 29.07 1 100 1.00 0.57 1.29 S 
1b RECT_1_C-1, 2, 3 3 102 152 240 10 22.00 1 100 1.00 0.48 1.72 S 
1c RECT_2_C-1, 2 2 102 204 240 10 8.90 1 100 1.00 0.35 3.97 S 

[39] CB 1700 1a C-P-1 1 250 250 770 20 5.35 36.16 5.50 - 6 BD - 3400 211.40 2.50 0.046 1 - 1.00 0.53 1.98 JF 
C-P-2 1 9 2 - 1.00 0.53 2.54 DB 
C-P-3 1 12 3 - 1.00 0.53 2.85 DB 

[34] CB 1700 1a C-D-P-1L 1 250 250 770 20 5.19 36.16 5.50 - 6 BD - 3400 211.40 2.59 0.046 1 - 0.49 0.53 1.34 DB 
C-D-P-2L 1 9 2 - 0.49 0.53 1.43 DB 
C-D-P-3L 1 12 3 - 0.49 0.53 1.93 DB 

[44] CB 1700 1a LR-C1, C2, C3 3 250 250 500 30 8.52 0.79 0.64 - 10 BD - 3300 270.00 1.49 0.014 1 300 1.00 0.61 1.21 S/DB  

S-FRCM systems 
[45] CB 1700 1a C-1-6-0-1, 2, 3, 4 4 250 250 720 0 7.38 15.00 5.00 9.00 8 UD 670 2900 205.00 2.00 0.084 1 250 1.00 0.33 1.27 DB 

C-1-6-9-1, 2, 3 3 250 250 720 9.5 0.084 1 250 1.00 0.43 1.28 DB 
C-1-6-38-1, 2, 3, 4 4 250 250 720 38.1 0.084 1 250 1.00 0.68 1.41 DB 

(continued on next page) 
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Table A1 (continued ) 

B-FRCM systems 

Source Masonry Specimens Strengthening Results 

Matrix’s properties Fabric mesh’s properties Jacket 

Type gm Scheme 
[12] 

Dataset ID N B H L rc fm fmat,c fmat,b Emat tmat type γf ff,u Ef εf,u tf,j nf Lb kV kH fmc/fm FM 

[kg/m3] [-] [mm] [mm] [mm] [mm] [MPa] [MPa] [MPa] [GPa] [mm] [-] [g/m2] [MPa] [GPa] [%] [mm] [-] [mm] [-] [-] [-] 

C-1-12-9-1, 2, 3, 4 4 250 250 720 9.5 1200 0.169 1 250 1.00 0.43 1.35 DB 
[46] CB 1700 1a C-2-6-0-1, 2, 3, 4 4 250 250 720 0 7.38 47.10 4.40 - 10 UD 670 2900 205.00 2.00 0.084 1 240 1.00 0.33 1.26 DB/JF 

C-2-6-9-1, 2, 3, 4 4 250 250 720 9.5 0.084 1 200 1.00 0.43 1.33 DB 
C-2-6-38-1, 2, 3, 4 4 250 250 720 38.1 0.084 1 200 1.00 0.68 1.39 DB/JF 
C-2-12-9-1, 2, 3, 4 4 250 250 720 9.5 1200 0.169 1 200 1.00 0.43 1.42 DB 

[38] CB 1700 1a C-S-S-1, 2, 3, 4, 5 5 250 250 770 0 4.87 15.00 - - 6 UD 670 3000 190.00 1.58 0.084 1 100 1.00 0.33 1.33 DB 
[47] CB 1700 1a C-12-1-1-0 1 250 250 770 20 5.19 12.85 2.65 - 6 UD 1200 2900 205.00 2.00 0.169 1 250 1.00 0.53 2.13 DB 

C-12-2-1-0 1 9 2 250 1.00 0.53 1.96 DB 
C-12-3-1-0 1 12 3 250 1.00 0.53 2.91 DB 

[39] CB 1700 1a C-S-1, 2 1 250 250 770 20 5.19 12.85 2.65 - 6 UD 1200 2900 205.00 2.00 0.169 1 250 1.00 0.53 1.82 DB 
[32] TU 1400 1a 2, 3, 4_RM - UniSa 3 250 250 615 20 3.89 13.40 - - 10 UD 670 3080 193.40 2.17 0.084 1 375 1.00 0.53 1.12 DB 

5, 6_RM - UniSa 2 15 2 375 1.00 0.53 1.23 DB 
7, 8_RM - UniSa 2 20 3 375 1.00 0.53 1.26 DB 

TU 1400 1a 2, 3, 4_RM - UniFi 3 250 250 615 20 4.33 13.40 - - 10 UD 670 3080 193.40 2.17 0.084 1 375 1.00 0.53 1.15 DB 
5, 6_RM - UniFi 2 15 2 375 1.00 0.53 1.28 DB 
7, 8_RM - UniFi 2 20 3 375 1.00 0.53 1.38 DB 

CB 1600 1a 2, 3, 4_RM - UniBo 3 250 250 575 20 9.09 13.40 - - 10 UD 670 3080 193.40 2.17 0.084 1 375 1.00 0.53 2.07 DB 
5, 6_RM - UniBo 2 15 2 375 1.00 0.53 2.24 DB 
7, 8_RM - UniBo 2 20 3 375 1.00 0.53 2.52 DB 

CB 1600 1a 2, 3, 4_RM - PoliMi 3 250 250 575 20 4.92 13.40 - - 10 UD 670 3080 193.40 2.17 0.084 1 375 1.00 0.53 1.26 DB 
5, 6_RM - PoliMi 2 15 2 375 1.00 0.53 1.33 DB 
7, 8_RM - PoliMi 1 20 3 375 1.00 0.53 1.39 DB 

Legend for masonry type: 
CB = clay brick. 
CALC = calcarenite. 
LS = limestone. 
TU = tuff units. 

* Assumed value. 
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Table A2 
Experimental database organized in datasets: FRCM confined specimens with circular cross-section (8 datasets).  

B-FRCM systems 

Source Masonry Specimen Strengthening Results 

Matrix’s properties Fabric mesh’s properties Jacket 

Type γm Dataset ID N D L fm fmat,c fmat,b Emat tmat type γf ff,u Ef εf,u tf,j nf Lb kV kH fmc/ 
fm 

kε FM 

[kg/ 
m3] 

[mm] [mm] [mm] [MPa] [MPa] [MPa] [GPa] [mm] [-] [g/ 
m2] 

[MPa] [GPa] [%] [mm] [-] [mm] [-] [-] [-] [-] 

[48] LS 
(CALC) 

2000 BG.01.01, 
02, 03, 04 

4 83 218 20.79 28.00 10.00 11.00 7 BD 250 1542 89.00 1.80 0.039 1 130 1.00 1.00 1.21 0.11 JF 

BG.03.01, 
02, 03, 04 

4 10 3 130 1.00 1.00 1.24 0.23 JF 

[49] CB 1700 C1, 2, 3, 
4M_W1L 

4 94 190 25.19 25.00 8.00 10.00 4 BD 250 1542 89.00 1.80 0.039 1 100 1.00 1.00 1.27 - JF 

C1, 2, 
3M_W2L 

3 6 2 100 1.00 1.00 1.38 - JF 

C1, 2, 
3M_C1L 

3 19.85 4 1 100 1.00 1.00 1.66 - JF 

C1, 2M_C2L 2 6 2 100 1.00 1.00 1.85 - JF  

G-FRCM systems 
[48] LS   

(CALC) 

2000 GG.01.01, 
02, 03, 04 

4 83 218 20.79 28.00 10.00 11.00 7 BD 125 1276 72.00 1.80 0.024 1 130 1.00 1.00 1.01 0.22 JF 

GG.03.01, 
02, 03, 04 

4 10 3 130 1.00 1.00 1.26 0.20 JF 

Legend for masonry type: 
CALC = calcarenite. 
CB = clay brick. 
LS = limestone. 
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1) the ratio of the column length to the major side dimension of the cross section L/max(B,H), which is replaced by L/D in the case of members with 
circular section;  

2) the compressive strength of unconfined masonry, fm;  
3) the compressive strength of the inorganic matrix, fmat,c. 

Focusing on the 13 datasets related to tests performed on masonry columns confined with B-FRCM system (Fig. A.1a), the following main con
siderations are made: 

Fig. A1. Values and corresponding number of datasets used in the analyses of three main parameters.  
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1. for what concern the geometry, the datasets related to prismatic specimens are quite homogeneous. Indeed, these specimens have always square 
cross-section with the parameter L/max(B,H) ranging between 1 and 3. In the case of the cylindrical specimens a slightly greater variation is 
observed for the values assumed by the L/D ratio;  

2. the most scattered values are found for the compressive strength of the unconfined masonry fm, ranging between 4.7 (see range 3–6 MPa for 
prismatic specimens) and 25.2 MPa (see range 24–27 MPa for cylindrical specimens), and, even more, for the compressive strength of the inorganic 
matrix fmat,c, ranging between 0.6 (see range 0–4 MPa for prismatic specimens) and 28 MPa (see range 24–28 MPa for cylindrical specimens). 

Focusing on the 25 datasets related to tests performed on specimens confined with C-FRCM system (Fig. A1b), the following considerations are 
made:  

1. for what concern the geometry, 11 datasets entail prismatic columns having rectangular section with side ratio equal to 1.5 (#3 datasets) or 2 (#8). 
The parameter L/max(B,H) is quite scattered, with values spanning between 0.6 and 3.1 and highest concentration in the range 1–2 (#13 datasets);  

2. the range of fm values experimentally investigated is narrower than that found for masonry samples confined with B-FRCM system, with the highest 
frequency in the ranges 3–6 and 6–9 MPa. Similarly, the values of fmat,c are concentrated within few ranges, even though for 3 datasets fmat,c is about 
6 MPa (rather low value, see range 4–8 MPa) and for 22 datasets is in the range 32–40 MPa; 

Focusing on the 26 datasets related to test performed on columns confined with G-FRCM system (Fig. A1c), the following considerations can be 
drawn:  

1. for what concern the geometry, 22 out of 26 datasets related to prismatic specimens are squared, and the parameter L/max(B,H) is mostly 
concentrated in the ranges 1–2 and 2–3;  

2. a wide range of fm values was experimentally investigated, spanning between 2.3 and 20.8 MPa; the highest concentration of values is in the range 
3–6 (#10 datasets). Also, the parameter fmat,c is quite scattered; the most frequently used value was fmat,c = 9.1 MPa, included in the range 8–12 
MPa (n = 11), even though 6 datasets entail specimens with medium–high strength inorganic matrices (fmat,c = 37.8 MPa, see range 36–40 MPa); 

Focusing on the 10 datasets related to test performed on columns confined with PBO-FRCM system (Fig. A1d), the following observations can be 
made:  

1. for what concern the geometry, 8 out of 10 datasets entail square specimens (n = 8); the parameter L/max(B,H) is only slightly scattered, and 3.1 is 
the mostly investigated value (n = 6, see the range 3–4);  

2. the fm values are mostly concentrated in the range 3–6 MPa (n = 6), but they span from 5.2 to 36.3 MPa; conversely, the compressive strength of the 
inorganic matrix is mostly uniform. 

Finally, focusing on the 25 datasets related to test performed on samples confined with S-FRCM system (Fig. A1e), the following main consid
erations are made:  

1. for what concern the geometry, all datasets entail square specimens with ratios L/B rather homogeneous in the range 2–3 and 3–4;  
2. the investigated specimens are characterized by fm values spanning between 3.9 (see range 3–6 MPa, n = 14) and 9.1 MPa (see range 9–12 MPa, n 

= 11), with the highest concentration about 9.1 MPa. For what concerns the inorganic matrix, the highest concentration is in the range 12–16 MPa 
(n = 21) even though 4 datasets include specimens with fmat,c values equal to 47.1 MPa. 
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