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ARTICLE INFO ABSTRACT

Keywords: In this work, a wide experimental dataset about the axial behavior of masonry columns confined with Fabric
Composites Reinforced Cementitious Matrix (FRCM) jackets (also refered to as TRM - Textile Reinforced Mortar or TRCC -
Confinement Textile Reinforced Cementitious Composites), that contains the results from 226 confined specimens, was
?ﬁCMM collected. Data were critically analyzed with the aim of identifying the influence of the most important pa-
Masonry rameters considered within the dataset (i.e., fibers type and number of layers, masonry type and unconfined
Strength strength, mortar type and mechanical strength, the effective lateral pressure, etc.). Further, a review of the main

models proposed in different Codes and in literature was carried out, which were then applied to the dataset,
highlighting some discrepancies in their predictions. Thus, a new formulation for the confined strength of ma-
sonry columns was proposed, aiming to consider also some other influencing variables such as the compressive
strength of the masonry blocks and that of the mortar joint. Lastly, the validity of the proposal was verified on a
new set of experimental results, which were obtained by the authors testing three unconfined and confined clay
brick masonry columns. Specimens were subject to monotonic axial loading under displacement control until
failure, and stress and strains were monitored continuously during the test. The jacketing system was realized
with one layer of glass-based FRCM (GFRCM).

1. Introduction

Design-oriented formulations should comply with the requirements
of being at the same time simple, easy to be applied, and sufficiently
accurate to predict the real behavior of the phenomenon under inves-
tigation. Their formulations are typically based on empirical data,
collected by a single or more authors in literature; further, it is often
recommendable to apply suitable partial safety coefficients (e.g., applied
directly on material properties or even at the model itself), to allow them
being sufficiently conservative. In the case of understanding the
behavior of confined reinforced concrete (RC) or masonry elements
under centered axial loading, many works proposed formulations to
predict both their confined strength and ultimate strain, based on a large
set of experimental campaigns. However, a general consensus indicating
which formulation predicts better the above-mentioned properties is
still not reached, especially when dealing with members confined by
externally bonded reinforcement, i.e., fiber reinforced polymers (FRP)
or fabric reinforced cementitious matrix (FRCM).
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FRCM confinement has gained a lot of popularity to repair and
strengthen existing masonry structures, especially when dealing with
historic structures for which the intervention with FRP (that adopts
organic matrix, little compatible with the substrate, and difficult to be
considered reversible) results inadequate [1-2]. Even though the axial
capacity of existing masonry structures is not a major issue, as they
generally possess large cross-section and a sufficient compressive
strength, there are cases where this problem is considered extremely
important. In fact, deterioration [3], long-term phenomena [4] or even
damage due to external actions (earthquakes [5] or foundation settle-
ments [6]) may reduce the axial load bearing capacity of such structures,
and this is even more evident for rubble stone columns, where the ca-
pacity is owned by the face masonry units only [7]. A typical positive
feature offered by the FRCM jacketing systems relates to its failure
mode, that generally favors the specimens to display a softening
behavior rather than the typical abrupt failure observed when FRP is
used [8-9].

According to a recent round robin test [10] carried out by many
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authors in the Italian context, FRCM jacketing has been demonstrated to
be effective both in enhancing the load bearing capacity of masonry
columns, and also their ultimate axial deformation. However, the effi-
ciency of the system depends on many variables, which are the type of
fibers, the number of layers, but even the type and strength of the sub-
strate. In fact, when poor masonry quality is used (in [10] the authors
tested both tuff and clay brick masonry columns) the high expansion of
the columns, occurring as a consequence of the damage applied with the
axial load, cannot be carried by fiber meshes with low density. However,
in [11-12] it is demonstrated that when the confinement is applied to an
original column with low axial capacity, the strength increase that can
be achieved by a correctly-designed FRCM jacketing system is enhanced
compared to the case when the same reinforcement is applied to a col-
umn with higher mechanical properties. Other variables that were found
to influence the behavior of FRCM-confined masonry are the jacket
configuration (continuous or discontinuous layers [13], concentration of
the overlapping zones [14]), mortar properties of the strengthening
system [15-16], cross-section geometry and corner radius [17-18].
However, each author has addressed a specific problem separately, thus
discussing the influence of a single parameter on a limited set of
experimental results.

Recently, several authors recognized the necessity to provide a
suitable model to evaluate the bearing capacity of confined masonry
columns, as a result of an overall discrepancy of the predictions obtained
when adopting current Codes or literature formulations [19-21].
Particularly, Napoli and Realfonzo [19] highlighted the importance of
calibrating coefficients for the different FRCM systems that can be
applied, however facing the problem of the few data availability to
assess the strain efficiency as a result of lack of fibers strain monitoring
in the existing experimental campaigns. The same conclusion was ach-
ieved in [22], where authors highlighted the importance of bond be-
tween the fibers and mortar in the whole ability of the composite to
exploit its strength, and thus to apply the lateral pressure to the confined
masonry core. However, the application of design-oriented models re-
quires simplified approaches, with a limited number of influencing pa-
rameters whose contribution should be supported by reliable
experimental data: as a result, at least until now, a single proposal for
each FRCM type seems inadequate to the scope.

In this work, to contribute to the existing knowledge in the field, an
extensive dataset of experimental results of confined masonry columns
was collected from literature. Compared to others recently published, e.
g., [19], the present one is slightly broader and contains 226 records.
The influence of the main parameters varying in the dataset is analyzed
in Section 2. Instead, Section 3 reviews the current available models for
predicting the strength of confined masonry columns. All the formula-
tions were then applied to the collected dataset and statistical indicators
that show the goodness of fitting of each proposal are calculated. Section
4 proposes a new design-oriented formulation for assessing the confined
strength of masonry columns, which has been calibrated on the collected
dataset, and differs from the ones already present in literature from the
initial parameters to be considered. Lastly, Section 5 reports the results
of an experimental campaign carried out by the authors on six clay-brick
masonry columns; three of them were used as unconfined reference
samples, and three were confined with a single layer of GFRCM. The new
analytical formulation is applied to this new set of results, highlighting
its good prediction performance on a different dataset from the original
one. Finally, the Conclusion section is provided.

2. Experimental dataset

The dataset comprises 226 confined masonry columns with squared
or rectangular cross-section, is based on the review of 24 published
works [1-2,5,10-12,14,17-18,23-37] and it is provided in the Annex.
For each specimen, the following parameters were collected: cross sec-
tion geometry, width b, height h, length of the diagonal D, corner radius
re; specimen height L; compressive strength of the brick or stone fp;
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compressive strength of the mortar joint f;; overall thickness of the FRCM
jacket t,q; compressive strength of the inorganic matrix f. mqs; type of
fiber F; number of FRCM layers ng equivalent thickness of the single
layer of the fiber sheet tj; elastic modulus of dry strengthening sheet E;
matrix reinforcement ratio pg ultimate strain of dry strengthening sheet
£f; unconfined compressive strength of the masonry column fo;
confined compressive strength of the masonry column f,.. Other vari-
ables of interest, such as the masonry mass density (g;), were not
available for all the analyzed specimens, and thus were not compiled.

Most of the specimens of the dataset have a squared cross-section
(178 over 226) and only 48 have a rectangular section. The main
types of masonry units adopted are new clay-brick or calcareous-rocks,
but there are cases where also blocks were extracted from existing
buildings [28]. Different types of fibers were adopted: 45 specimens
were strengthened with basalt fibers, 60 with glass, 71 with steel, 36
with carbon and lastly 14 with polybenzobisoxazole (PBO). The great
majority of the specimens failed after the development of wide cracks
that concentrated at the section edges, and in some cases in the region of
the overlapping length. In both the situations, fibers achieved the ulti-
mate strain after some slippage phenomena [19,31,33]. To sum up the
range of variations of the collected data for each specimen, the main
features of the distribution for each quantitative parameter character-
izing the samples collected in the dataset are shown in Table 1. There,
the minimum, maximum, average, the three quartiles (25% Q1, 50% Q2
and 75% Q3) and the interquartile range (IQR = Q3-Q1) are listed. It can
be noted that for some parameters, the range of the variation is quite
limited, e.g., for the equivalent thickness of the single layer of the fiber
sheet, the compressive strength of the inorganic matrix and for the
number of layers, even if some outliers are clearly present (note that ns
varies from 1 until 7, but the upper quartile is still 2). For other pa-
rameters, such as the cross-section diameter, the compressive strength of
the joint mortar and particularly the elastic properties of the fibers, the
variations are much higher, as clearly visible from the high values
assumed by the IQR indicator. This analysis highlights how very often
the same (or very similar) organic matrix was used by different authors,
even if different fiber types were adopted.

In terms of average compressive strength gain, the ratio between f../
feo is higher for the specimens retrofitted with FRCM systems based on
PBO fibers, followed by those strengthened with steel, carbon, glass and
basalt fibers (Table 2). However, the numerousness of the samples for
each category varies significantly, making less reliable the results ob-
tained for the columns strengthened with PBO-FRCM, compared to the
other systems.

Concerning the influence of the main confinement parameters on f,./
feo, the following parameters were analyzed: tmar " fe,mat; Pmat * femas tf Ef;
pf Ep 21e/max(b; W); ks fi fi ve; fi 2re/max(b; h); fi ks fi /feo; fikn/feo-
Recall the general expressions for circular and square/rectangular cross-
sections:

Pt = Yo/ Dand p,,, = Y/ /B + B D
pr = 4nst; /D andp; = 4nft_//\/b2+—hz @

where p,,,, similarly to pj; is the matrix reinforcement ratio, ky is the
horizontal efficiency coefficient (equal to 1 in case of circular cross-
section, only), that can be evaluated as the effectively confined ma-
sonry area over the cross-section area:

(b—2r) 4 (h—2r.)
3bh
Instead, f; is the lateral pressure exerted by the FRCM jacket to the
confined masonry column, and it can be generally evaluated (without
assuming any reduction coefficients applied to the ultimate strain ca-
pacity of the fibers) as:

ky=1-— 3
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Table 1
Descriptive statistics of the specimens’ features collected in the dataset.
D Te foc f; tmar femat n tr Ef Pr
(mm) (mm) (MPa) (MPa) (mm) (MPa) ) (mm) (GPa) )
Min 142.84 0 5.26 0.55 6 0.55 1 0.012 59.8 0.022
Max 725.60 38.1 95.4 16.90 24 58.1 7 0.250 240.0 0.574
Ave 384.19 18.47 24.04 5.83 11.85 21.92 1.80 0.077 146.4 0.137
Q1 353.55 12 11 3.54 10 10.37 1 0.056 71.0 0.072
Q2 353.55 20 19.33 4.35 10 15 1 0.078 193.7 0.096
Q3 441.02 20 26.2 6.98 15 35 2 0.085 205.0 0.192
IQR 87.47 8 15.2 3.44 5 21.92 1 0.029 134.0 0.120
2ntyEre, 1
Table 2 fr= = = o e @

Influence of fiber types on the strength gain according to the experimental re-

sults collected in the dataset.

Simple linear regression analyses were carried out aiming at

obtaining statistical correlations between the variable to be predicted (i.

Fiber type Number of specimens fec/feo X ) K
e., the strength gain) and each predictor. Fig. 1 shows the results, where
2::1‘;(]2) gz 15; for each relation, the root mean square error (RMSE) and the determi-
Glass (G) 60 1.35 nation index (R?) are reported: the highest is the RMSE value, the highest
PBO 14 2.27 is the dispersion of the prediction; the highest is the R? value, the highest
Steel (S) 71 1.47 is the correlation between the two variables. A low statistical de-
pendency of the strength gain can be identified on the analyzed pa-
rameters. Such result depends on the high variability of the results, as
demonstrated by the great dispersion of the predictions (see the RMSE
value, always higher than 0.2). However, the R? values are significantly
tmatf‘:ymt influence pmmfc’mat influence t.E; influence p4E; influence
4 ° 4 ° 4 o 4 o
R?= 0.004 R?= 0.020 R?= 0.131 R?=0.173
3 o R RMSE= 0.432 3t o o RMSE= 0.429 3 o RMSE= 0.4Q3 RMSE= 0.394.
]
/oe/
© ]
0 0 0 0
0 500 1000 0 5 10 0 5 10 0 500 1000
4
tnatfc.mat (VMM) Pmatf o mat (MP8) tE, (Nmm)  x10 »E, (MPa)
2rclmax(b,h) influence k, influence f, influence flrc influence
4 ° 4 o
R%= 0.026 R%=0.021 R%=0.151
3 o RMSE=0427 3 RMSE= 0.428 RMSE= 0.399
(=}
«” 2 E/(;/%/ ]
'._8 & 0§§ °o
1
0 0 0 0
0 0.1 0.2 0.3 02 03 04 05 06 0 5 10 0 50 100 150 200
2rc /max(b,h) (-) kh (-) f[ (MPa) flrc (N/mm)
f,2r /max{b,h)} influence f k_influence f/f_ influence f k /if_ . influence
c I"h I''c0 I"h" 'co
4 o 4 o 4 [e] 4 o
R%=0.156 R%=0.164 R%=0.144 R%=0.156
3 o RMSE={,398 RMSE= 0.38% RMSE= 0.409. RMSE= 0.398,
=} g

0
0 0.5 1
f|2rC /max(b,h) (MPa)

1.5 2

fk, (MPa) fo () fk ()

Fig. 1. Main influencing parameters.
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improved in some cases: for instance, the lateral pressure exerted by the
FRCM jacket shows a non-negligible influence on the strength gain,
especially when combined with the horizontal efficiency coefficient (f;
kn), or with the geometrical features of the cross-section. Accordingly,
the parameters displaying the highest R? should be considered into a
predicting model for the masonry confined compressive strength
estimation.

3. Existing models

Current available literature has mainly focused in proposing pre-
dictive models for assessing the confined compressive strength of
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masonry by means of FRP jacketing techniques, and only seldom
analytical formulations were proposed for FRCM-confined members.
Table 3 collects the main analytical formulations proposed by codes,
guidelines and other authors, in case of continuous external reinforce-
ment applied to a masonry unit. As it can be quickly observed, most of
the variables analyzed in Section 2 are present in the formulations. The
typical expression of current models is based on quantifying the equiv-
alent uniform confining pressure exerted by the reinforcing jacket to the
masonry core. To this scope, the lateral pressure exerted by the FRCM
jacket is generally computed with Eq. (4), and then is modified
considering the cross-section geometry via the horizontal efficiency
coefficient kp. Such coefficient is computed differently among the

Table 3
Existing predicting formulations for f.. of masonry-confined columns with FRCM.
Source Model Notes
CNR DT 215 [38] et [1 & (M)O s fro = knf
1000° feo (b—2r)* + (h - 2r.)*
=1y
fie 2"ftfif€u,mi

ACI 549.4R [39]
fe =1 +3.1o’}2ff)

<0

Cascardi et al. [40]
fee =f0 [1 +k }%’)"5}

c

Jing et al. [20]

fee =fuo [1 10.65 (%)0 19]

Krevaikas -linear [17] S
fee = o i1 < 0.09
feo
fee = fuo| 088 +1.324]’:’—ﬂ if fie/fro > 0.09
cl
Krevaikas —non linear [17] fi\ 1
fe =feo [1 +1.65 (7) ]
c0

Koutas and Bournas [36]

fee =fo [1 +2.836 ( fl“)u}

c0

et 074 B g
fee = feo [1 +82.13ky (%) (%)
c0Emar

Ameli et al. 1 [22]

Ameli et al. 2 [22]

0.5 E a
fe =fio [1 +12.72ky ('%tf) (f{)j;"" i ) }
cf mat

Napoli and Realfonzo 1 [19]

fee = feo [l +0.40 (%)2 (f}g/’) 075 }

Napoli and Realfonzo 2 [19] 2/3
e =t 110002 |

c0

€uria = Min(4Kmat€fu/¥m; 0.004)
11, is the environmental coefficient (to be set equal to 0.9 for inner exposition)
7m is the safety partial coefficient (to be set equal to 1.5)

Kmat = 1.81( maf}"‘:tf <1
fresr = knfi
. b 2 . b(bfzrc) +h(h72rﬁ)
"= \n 3bh
prEre,

=T
fresr = knfi

. (b-2r)+(h-2r)
kn =1 3bh

_ PrEren
fi= 2
k = 6ppqifomar/feo
Jrefr = knfi

. _(b-2r)+(h-2r)
ko =1 3bh

_ e

172
b+h
fu = bt h >thfo11
b+h

fuu =kh( bh >thf£:f“
a is 1 for carbon, glass, basalt textiles
fu =knfi

fma s the direct tensile strength of the matrix
Ena is the elastic modulus of the matrix
(b—2r)* + (h—2r.)?

3bh
fmar is the direct tensile strength of the matrix
Ena is the elastic modulus of the matrix
(b —2r.)* + (h—2r.)?

3bh

kn =1—

ky =1—
fregr = knkmatfi
(b—2r)%+ (h—2r.)?

kn=1- 3bh
2nteEre,

fi= f.;)ffu

kmat:1

fregr = knkmafi
- 2rc)2 +(h-— 2rc)2

kn=1- 3bh
fie 2nytyEreq

[ T

Kmat = 0.90
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models, even if the general expression is provided in Eq. (3) according to
numerous evidences from experimental tests. The lateral pressure f; can
be further reduced to consider the premature failure of the FRCM jacket,
as a consequence of masonry buckling phenomena or stress concentra-
tion at the section edges, or the low exploitation of the fibers inside the
system due to fiber slippage inside the matrix. Some authors recom-
mended to reduce the ultimate tensile strength of the fibers by 15% [21],
in other cases a limitation to the ultimate strain capacity of the system is
imposed [38]. Lastly, each model is calibrated on a series of experi-
mental results, thus different coefficients are adopted in the formula-
tions, resulting in some cases in linear and in others in non-linear
functions of the effective lateral pressure over the unconfined
compressive strength ratio.

The analyzed models were applied to the final dataset collected in
this work, to evaluate their performance to predict the experimental
results. For those expressions where g, is present, this parameter was
assumed equal to 1700 kg/m>. Further, for the formulations provided by
Ameli et al. [22], where both the direct tensile strength and the elastic
modulus of the mortars are included, these variables were calculated
based on the relations for concrete available in the Eurocode 2 [41]:
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Fonar = 0.3f3 5)

Een = 22000(f,,,/10)"° (6)
assuming a unitary partial safety coefficient applied to fc, and consid-
ering that the maximum compressive strength of the mortar in the
dataset does not exceed 60 MPa. The prediction precision of the
analyzed existing confinement models is shown in Fig. 2, while the main
statistical parameters are summarized in Table 4. Particularly, AVE. (i.e.,
the mean ratio f.c teo/fec.exp), ST.DEV. (i.e., the standard deviation of the
ratio fec theo/fec.exp)s R? and RMSE accuracy indicators were calculated.
The indicators connected with the best model performance are indicated
in bold in Table 4.

Some considerations about the accuracy of the predictions are listed
below:

e CNR DT-215 [38] shows a relatively high coefficient of determina-
tion (R? = 0.73) and is characterized by low scattering results. The
standard deviation is one of the lowest compared to the other

50 50 50
mean = 0.92 mean = 0.96 mean = 4.80
R%=0.73 R?=0.71 R?=/
407 RMSE =3.35 407 RMSE =3.49 407 RMSE = 151.61 o
le) o]
(00] o] @
30t 30 30
@ m 8
20t 20 O 200 °°
o0
10t Q co 10 00 10 o
1 o cNRDT215] ©% o ACI5496R-20 o Cascardietal.
0 0 0
0 10 20 30 40 50 O 10 20 30 40 50 0 10 20 30 40 50
50 50 50
mean = 1.07 (1) mean = 0.89 mean = 1.08
R%=0.78 - R? = 0.65 R? =0.32
407 RMSE = 2.99 407 RMSE =378 407 RMSE = 3.59
T (2) mean = 0.89 o
S sof @ 30f R?=0.60 &% o 30
= RMSE = 4.04 o ®
g 20t 20 8 ® 20 g
& 3
—
o0 A
10} s 10 o Krevaikas (1)| { 10 ood oo
o Jing et al. A Krevaikas (2) o Koutas & Bournas
0 0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
50 50
(1) mean = 0.90 (1) mean = 0.95 mean = 1.03
R? =0.71 R? = 0.74 std = 0.294
401 RMSE = 3.43 40[ RMSE = 3.27 401 R?=0.90 Oom °
(2) mean = 0.91 i a (2) mean = 0.97 & RMSE = 1.98 &o
30t R?=0.71 30t R2=0.75 30
RMSE = 3.44 - RMSE = 3.19 &
20t 20 20
O
10¢ O  Amelietal. (1) 10 O Napoli & Real. (1) 10
A Amelietal. (2) A Napoli & Real. (2) O proposed model
0 0 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
f (MPa)
cc,exp

Fig. 2. Assessment of existing masonry FRCM-confinement models.
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Table 4

Accuracy indicators for the analyzed and the proposed predicting models.
Model AVE ST. DEV. R? RMSE
This proposal 1.031 0.294 0.904 1.983
CNR DT 215 [38] 0.922 0.193 0.728 3.354
ACI 549.4R [39] 0.962 0.240 0.705 3.490
Cascardi et al. [40] 4.796 10.680 - -
Jing et al. [20] 1.066 0.219 0.783 2.994
Krevaikas - linear [17] 0.892 0.225 0.655 3.778
Krevaikas - nonlinear [17] 0.890 0.279 0.605 4.041
Koutas and Bournas [36] 1.085 0.323 0.689 3.586
Ameli et al. 1 [22] 0.896 0.187 0.715 3.432
Ameli et al. 2 [22] 0.906 0.191 0.713 3.444
Napoli and Realfonzo 1 [19] 0.948 0.200 0.741 3.273
Napoli and Realfonzo 2 [19] 0.966 0.201 0.755 3.185

analyzed models (0.19), while the RMSE is in the average of the re-
sults obtained for the other models. The model is conservative as the
mean fec heo/fecexp values is about 0.92. In this case, it should be
recalled that the assumption made on g, might have influenced the
results.

e ACI549-6R-20 [39] performs well in terms of fe theo/fecexp, Which is
about 0.96. The standard deviation is higher than the previous model
(about 0.24), while the R? and RMSE are about 0.7 and 3.5
respectively.

e The model proposed by Cascardi et al. [40] does not consider strain
limitations for the confinement systems. This causes the model to
highly overestimate some specimens’ results, and therefore to have
statistical parameters out of the range of those observed for the other
models.

e The model proposed by Jing et al. [20] has the highest coefficient of
determination and the lowest RMSE values, being 0.78 and 2.99
respectively. The model however tends to overestimate the strength
enhancement of confined columns by nearly 7%, this being uncon-
servative for a design-oriented model purpose.

e Krevaikas [17] proposed two relations, one linear and one nonlinear,
for masonry FRCM confinement. Both models are conservative with a
mean fec theo /fec.exp Of 0.89, however, the linear one performs better in
terms of standard deviation, R? and RMSE.

e Similar to Jing et al. [20], the model by Koutas and Bournas [36] is
unconservative, and it performs slightly worse than [20] for all the
other indicators.

e Very recently, Ameli et al. [22] proposed two models for the confined
compressive strength of masonry columns. The models, a part from
the fiber characteristics, considers also the compressive strength and
the elastic modulus of the matrix. The predictions show a very low
scatter but the models are highly conservative (e teo/fecexp = 0.9)
and do not perform better than other existing ones, both in terms of
R? and RMSE. It is worth recalling that, in this case, the assumptions
made to calculate the mortar tensile strength and elastic modulus,
which are data typically not available from the experimental tests
collected in the dataset, might have influenced the result. Further,
according the authors of the present work, a design-oriented model
should avoid to include too many parameters which are difficult to
be characterized, such as in the case of [22]: in the practice, mortar
properties are often characterized via flexural and compressive
strength test, and only seldom the elastic modulus is analyzed.

In terms of mean f seo /fec.exp, the models by Napoli and Realfonzo

[19] are the best performing ones, with mean values of about 0.95

and 0.97 respectively. The R? and RMSE are second only to the Jing

et al. [20] model, while the standard deviation is relatively low

(about 0.2 for both models). Also in this case, it is worth recalling

that the assumption on the masonry mass density might have influ-

enced the result.
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4. New confined strength formulation proposal

When dealing with confinement technique, apart from the charac-
teristics of the confinement system itself, a key parameter is the initial
unconfined strength of the analyzed material. Masonry is a heteroge-
neous material, formed by the continuous overlapping of bricks and
mortar layers, and the variation of the characteristics of one of the el-
ements may cause significant variations in the compressive strength of
the whole masonry unit. For the existing structures, compressive
strength is generally unknown, and its determination requires invasive
and expensive in situ or laboratory tests. Even when these tests are
carried out to improve the knowledge level, they are few and concern
limited portions of the structure. Therefore, sometimes they fail to detect
differences in the characteristics of the masonry or even in the different
level of deterioration that may be present, which often affects the mortar
joint only, and thus its strength.

To overcome this problem and to give a valid alternative to the
various masonry confinement models already present in the literature,
the present paper proposes a new formulation dependent on the
compressive strength of the mortar and bricks that constitute the
masonry.

Most of confined strength formulations, independently of the
confinement system or the confined material are based on the generic
equation:

ﬁf:f®[1+k<%ﬁ) } @)

0

where:

feo is the unconfined strength, f.. is the confined strength, f o is the
effective confinement pressure and lastly, k and a are equation co-
efficients, generally obtained via regression analyses on a dataset of
experimental measures.

Instead, masonry compressive strength depends on the brick (f,.) and
mortar joint (f;) strength and the general relationship used to compute
this value is:

fu=Kfyf! (8)

For sake of clarity, f.o will be used to indicate the unconfined strength
based on experimental results while f, for the unconfined masonry
compressive strength estimated using Eq. (8), based on the brick and
mortar joint strength. It should be remarked that this work does not
evaluate the prediction accuracy of the masonry compressive strength
models, but uses it only as a basis for the confined strength formulation.

To express the confined strength separately as a function of the
compressive strength of the brick (f;) and mortar (f;), we can rewrite Eq.
(7) using Eq. (8) as:

fig )
1+k (C)]
(m%>}

Different coefficients were calibrated and proposed based on the
above general Eq. (7) to compute the strength of masonry (f,). Initially

foe = Kf2f?

three f, formulations were considered for the calibration of the general
FRCM-confinement formulation (eq. (9), based on the models proposed
by Dayaratnam [42], Kaushik et al. [43] and Eurocode 6 [44]. The
analysis showed that the formulation of Dayaratnam [42], shown in
equation (10), gave the best results and was therefore considered for the
present proposal.

o = 0.275f07f0 (10)

Based on the above Egs. (7)-(10), the following FRCM confined
strength formulation for masonry columns is proposed:
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kn, ks, k., are coefficients regarding respectively, shape, fiber material
and fiber thickness and can be considered as follows:

1, circular sections

b= 1 (b=2r)" + (h = 2r) rectangular sections 1>

— C
3bh ’ 8
_ 030, carbon, glass and basalt
ky = {0.75, PBO and steel (16)
tef — If

k, = 17 where t,,; = 1 mm a7

ref

and all the other parameters were already defined in Section 2.

Compared to the other formulations, this proposal presents novelties
also in the calculation of the effective confinement pressure (fi o). In
addition to the well-known cross-section shape coefficient (kj), two
further coefficients are introduced: one for the fiber material (k;), and
one for fiber thickness (k). ks depends on the fabric efficiency when used
in FRCM systems and is taken from experimental results on concrete
confinement [45-48]. Based on the lateral strains measured directly on
the fibers inside the confining jackets in [45], a fiber coefficient (k) of
0.3 is proposed for dry carbon and glass fibers. PBO and steel fibers are
generally more efficient in FRCM systems than other fiber materials.
Colajanni et al. [48] reported kf values of 0.51 for specimens with 100
mm overlapping length and 0.75 for specimens with 250 mm over-
lapping length. Given the limitations on overlapping length provided by
standards and guidelines for FRCM design [38] a ky = 0.75 is suggested
for PBO and steel fibers. Instead, k, takes into the account the reduced
efficiency of the FRCM systems when fabrics with high equivalent
thickness (t;) are embedded in the matrix. The thickness of each single
layer for fabrics of FRCM systems are generally low (about 0.05 mm).
However, increasing the fabric weight does not lead to a linear increase
in strength enhancement of the confined element, because the composite
is not be able to fully exploit all of the amount of reinforcement
embedded in the matrix. For this reason, a simple reduction coefficient
that considers the equivalent thickness of the fabric is introduced (Eq.
a7.

It was noted that the ultimate fiber strain (eg,) has a negligible effect
on the confinement effectiveness as the system never fully exploits the
deformation capacity of the fiber, as diffusely discussed in [22], mainly
due to bond-related aspects. It was therefore preferred to introduce a
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limitation to the maximum axial strain of the fibers considered in the
calculation of the lateral confining pressure (f;) to 0.012 in accordance
with [39]. Similar considerations were made by other authors observing
the failure mode of masonry columns, resulting in a limitation of the
deformation capacity [38] or in the introduction of other parameters
[22].

The accuracy of this formulation is compared to that of the other
ones reported in Table 4, too: for three over the four indicators, the
proposal made in this work is characterized by the best performance
(AVE, R?, RMSE). It is worth citing, however, that the formulation is
calibrated on the present dataset thus, for a proper assessment of its
accuracy, it is necessary to apply it to a new set of experimental data,
which is the objective of the next Section 5.

5. Experimental validation
5.1. Materials, strengthening protocol and test setup

To evaluate the goodness of the proposed formulation on a new set of
data, an experimental campaign was carried out aimed at analyzing the
behavior of three unconfined (labelled with the nomenclature “NC”) and
three confined small-scale masonry columns (labelled with the letter
“C”). All the specimens were made with clay brick masonry with good
mechanical properties, whereas the joints were made with a low-quality
mortar, that is as a natural hydraulic lime one. The material properties
used in the six specimens are listed in Table 5. Particularly, the
compressive strength fp. for the bricks, the compressive and flexural
strength f; and f;r for the mortar joint are based on experimental tests
carried out on at least three samples for each analyzed property,
following the EN standard methods.

To realize the specimens, 18 bricks per each column were used: first,
they were immersed in water for 24 h at 20 °C, to ensure a proper hy-
dration; after this period the columns were casted, following the layout
shown in Fig. 3. All the columns have the same geometry: square cross
section 250 x 250 mm (b x h), length of the diagonal 353.6 mm (D),
column height 615 mm (L), the thickness of the mortar joint is 15 mm,
whereas the height of single bricks is 55 mm. The external surface was
rounded with a corner radius of 20 mm, this being the minimum pre-
scription recommended by [38]. Concerning the mortar, which is a
premixed compound of natural sand and lime, it was hydrated at an
average water/solid ratio of 0.11, according to the producer recom-
mendation, and was mixed for 120 s before its application. Some dif-
ferences in the water addition were made during the realization of the
columns, to allow achieving slight differences in the mortar joint
strength, and thus obtaining a certain variability in the values assumed
by this parameter. After columns realization, they were covered with
humid tissues and plastic bags for 7 days, and then left curing for other
21 days until the moment of the strengthening.

The FRCM composite is made by a lime-based mortar and glass fibers
(GFRCM system). Both these two components are provided by the same
producer. The repair mortar is characterized by a higher strength than
the one used for casting the columns, and is hydrated at water/solid
ratio of 0.20. The glass fiber is a dry, open mesh textile, made of E-glass
fiber bundles epoxy-coated, classified as alkali-resistant by the producer.
For the GFCRM, the compressive and flexural strength f nq and finqe s for

Table 5
Specimens characteristics.
foe fy f/‘,f fc,mar fmat,f n tr f: (MPa) Ef
(MPa) (MPa) (MPa) (MPa) (MPa) “) (mm) (GPa)
NC1 42.51 3.84 1.69 - - - - -
NC2 42.51 3.40 1.60 - - - - -
NC3 42.51 1.84 1.01 - - - - -
Cl 42.51 2.45 1.24 19.38 4.40 1 0.05 2000 70.0
C2 42.51 1.51 0.49 21.80 5.08 1 0.05 2000 70.0
C3 42.51 3.49 1.48 18.10 4.59 1 0.05 2000 70.0
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Fig. 3. Specimens geometry and bricks layout. Dimensions in (mm).
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repair mortar, the number of layers n, the equivalent thickness of the
single layer of the fiber sheet t;, fiber ultimate tensile strength f,, fiber
elastic modulus Erand lastly, the matrix reinforcement ratio py are listed
in Table 5, too. Mortar material properties are based on experimental
tests following the EN standard methods, carried out at least on three
samples for each material property; instead, fiber properties are pro-
vided by the manufacturer.

The strengthening protocol requires a preliminary cleaning of the
column surface from any powder residue; than a first layer of about 5
mm of repair mortar is applied, which is followed by the application of
the glass textile, that is maintained gently in tension by hands during the
jacketing operation; lastly, a finishing layer of repair mortar is applied
again, with the same thickness of the first one. It should be recalled that
the overlapping length was fixed for all the specimens and equal to 250
mm, i.e., one side of the column. Once the intervention was concluded,
the specimens were covered with humid tissues and a plastic film to
maintain the humidity for 28 days. After this curing, both the top and
bottom of the columns were strengthened with one layer of carbon FRP.
Fig. 4 shows the different steps of the strengthening operations.

The monotonic centered axial loading tests were carried out after 28
days from the strengthening operations for both the unconfined and
confined specimens, under a displacement control mode at 0.3 mm/min.
The load is continuously acquired by a pressure transducer, together
with the axial strains, measured with a set of different instrumentations.
Loading was stopped when the load peak drops at least by 20%, which is
also considered as the failure condition of the columns. To record the
axial strains, two mechanical strain gages (mSGs) were mounted on the

¢

e O
T

.

N
e

Fig. 5. Failure mode of the: a) NC3 column; b) C3 column; c) detail of the C3 column with fibers breakage and bricks crushing.
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Table 6
Experimental results.
feo £co Ecu fec e Eccu
(MPa) (%) (%) (MPa) (%) (%)
NC1 7.85 1.14 1.51 - - -
NC2 7.28 0.92 1.35 - - -
NC3 4.75 1.21 1.98 - - -
Cl - - - 6.96 1.49 2.85
C2 - - - 5.85 0.72 1.15
C3 - - - 7.61 1.40 2.10

external surface of the specimen in two opposite sides of the column at
the mid-height (gauge length of 250 mm). Further, four linear voltage
displacement transducers (LVDTs), one per each side of the column,
were used to monitor the real displacement between the two rigid plates
of the loading frame (the gauge length is the entire height of the col-
umn). On two columns, fiber strains were monitored during the loading
history using two electrical strain gages (eSGs) directly installed in the
glass mesh at mid-height of the column and in specular positions. This
setup was already applied by the authors to test reinforced concrete
columns strengthened with FRCM, being particularly satisfactorily to
register both the pre- and post-peak strains [49-50].

5.2. Experimental results and validation

The failure mode of the unconfined columns is brittle and it shows
the development of wide vertical cracks, that started from a load of
about 50% of the maximum attained one, and which width increased
until the peak. The cracks intercept both the vertical mortar joints and
the bricks, that in some case reach a complete crushing (Fig. 5a).
Instead, for the confined specimens, the failure was achieved with the
development of one main vertical crack at a corner (Fig. 5b), where the
stress concentration leads to the fibers breakage. After the test, in fact, it
was possible to look inside the crack and detect clearly fibers tensile
failure. The masonry inside the FRCM jacket appeared, after the test,
severely damaged, with an extensive crushing of the clay bricks
(Fig. 5¢). Other minor vertical cracks formed in the jacketing system,
which however were characterized by a reduced thickness compared to
the principal at the section edge. No relevant signs of fibers slipping
were observed.

Results are then discussed in terms of stress—strain curves until fail-
ure. The analyzed parameters are, for the unconfined columns: the peak
axial strength (f.,), peak and ultimate axial strains (ec, and ecou,
respectively). For the confined specimens, instead: the peak confined
compressive axial strength (f.), peak and ultimate axial strains (e, and
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Fig. 7. Assessment of the proposed model for the collected dataset (data in
black, circles) and the present experimental campaign (data in red, stars). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

£cc,u TeSpectively). Axial strains were computed using the mean values of
the four LVDTs installed at each side of the column. Table 6 summarizes
the results, whereas Fig. 6 shows the axial stress—strain and axial stress-
fiber strain curves.

For the unconfined columns, the maximum attained stress depends
clearly on the quality of mortar joint, as it is possible to observe from the
values of f,, shown in Table 6. In fact, the heterogeneity of the experi-
mental fo follows the differences in the f; values. As expected, the length
of the post-peak curve is higher in the case of the specimens realized
with the lower quality mortar. Concerning the results of the confined
specimens, instead, the experimental f,. values are less scattered, this
depending both on the fact that the same GFRCM system was used for all
the columns, and also because there were less differences in the strength
of the mortar joint f;. The results in terms of fiber strains development
show that the jacketing system was subject to relevant deformations,
being both the peak and ultimate strength corresponding to high strain
values. This result indicates a high exploitation ratio of the glass fibers.

The experimental confined strength results are then compared to the
predicted ones using the formulation developed in this work (Eq. (11)),
and are plotted (in red) together all the other literature results (in black)
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Fig. 6. Stress—strain curves of the: a) NC and b) C columns.
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Table 7
Comparison between predicted axial strength values from confinement models.
Model Columns
C1 c2 Cc3 Mean error (%)
f cc,theo f cc,theo / f cc,exp f cc,theo f cc,theo / f ccexp f cc,theo f cc,theo / f cc,exp
(MPa) (MPa) (MPa)
This proposal 6.27 0.90 5.07 0.87 7.31 0.96 9%
CNR DT 215 [38] 7.40 1.06 7.42 1.27 7.35 0.97 12%
ACI 549.4R [39] 6.95 1.00 6.95 1.19 6.95 0.91 9%
Cascardi et al. [40] 8.07 1.16 8.26 1.41 7.98 1.05 21%
Jing et al. [20] 8.93 1.28 8.93 1.53 8.93 1.17 33%
Krevaikas - linear [17] 6.62 0.95 6.62 1.13 6.62 0.87 10%
Krevaikas - non linear [17] 6.70 0.96 6.70 1.15 6.70 0.88 10%
Koutas and Bournas [36] 7.33 1.05 7.33 1.25 7.33 0.96 11%
Ameli et al. 1 [22] 6.92 0.99 6.93 1.18 6.91 0.91 9%
Ameli et al. 2 [22] 7.03 1.01 7.04 1.20 7.02 0.92 10%
Napoli and Realfonzo 1 [19] 7.28 1.05 7.28 1.24 7.28 0.96 11%
Napoli and Realfonzo 2 [19] 7.44 1.07 7.44 1.27 7.44 0.98 12%

in Fig. 7. There, the prediction accuracy indicators are listed too, ac-
counting now also for the new results. The new experimental results are
well aligned with the predictions, this indicating that the performance of
the proposed formulation is high even when accounting for this new set
of results. The new AVE, R?, RMSE values are almost constant compared
to the previous ones obtained on the original dataset. Table 7 compares
the predicted axial strength values for the tested columns using the
proposed formulation with the confined strength computed using the
existing models summarized before in Table 3. The mean error results
9%, which is the lowest between the considered models together with
the ACI 549.4R [39] and Ameli et al. 1 [22]. Compared to the new test
data, the proposal results slightly conservative with a mean fe teo / fec,
exp value of 0.91.

6. Conclusions

Typical formulations for estimating the confined compressive
strength of masonry columns are based on best fitting equations cali-
brated on limited dataset. Furthermore, they generally estimate the
confined masonry capacity based on the knowledge of the unconfined
compressive strength. However, often in existing masonry structures
there is a great heterogeneity of the materials property, which is
magnified due to the presence of localized damage in the mortar joints
and only seldom in the bricks (clay-based or made with natural stones).
To characterize such variability, a large number of in situ tests are
required, that are generally destructive or partially destructive, such as
in the case of the flat jack tests. Alternatively, non-destructive tests can
be carried out to estimate the mortar joint strength only, which can be
carried out easily and with a sufficient numerousness, e.g. via pene-
trometer tests.

Based on this context, in this work a new formulation to predict the
confined compressive strength of masonry columns is proposed, that
includes directly bricks and mortar joint compressive strength in its
formulation. The proposal introduces some novelties also in the calcu-
lation of the effective confinement pressure.

The new formulation is calibrated on a wide dataset, showing better
accuracy indicators than the others reviewed from the literature. The
proposal is also validated on a new set of experimental results, which are
presented in this work, and that deal with confined columns with one
layer of GFRCM. According to the authors opinion, the new formulation
can be used to estimate the confined masonry strength in those cases
where a high variability of masonry properties is present in an existing
structure, and is difficult to test and characterize each part of the ma-
sonry subject to a different damage condition. For instance, the situa-
tions can be those where localized phenomena affect the quality of the
mortar joints or the bricks separately, e.g., in presence of soluble salts
crystallization, carbonation of the mortar and bicarbonation of the
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stones, exfoliation of the masonry, mechanical damage due to external
actions, etc.
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