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Abstract. The work addresses the retrofitting of masonry columns through jacketing with
polymeric-based composites. The presented numerical procedure assumes a strain-based in-
cremental formulation relying on equilibrium, compatibility, and kinematic equations and pre-
cluding a strenuous integration required by a Finite Element approach. The strength domain
of brick units and mortar joints is bounded by a multi-surface yield criteria: Mohr-Coulomb
criteria in shear, a compression cap and a Rankine tension cut-off. Failure of the FRP is gov-
erned by limited tensile strength. A brittle response is considered for the system constituents,
with exception for mortar joints in which an elasto-plastic response with limited ductility is
assumed. The numerical strategy is validated with data from several experimental campaigns,
but also compared with existing approaches from literature and code-based formulas. A good
agreement has been found and the main purpose achieved, i.e. to develop a strategy that is
accurate and fast.
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1 INTRODUCTION

The employment of unreinforced masonry in structural elements is generally limited due to
its low tensile strength and quasi-brittle response. This behaviour has led to its predominant
use in elements governed by compressive stresses [1, 2, 3]. Therefore, an accurate evaluation
of the masonry’s compressive strength is crucial for the design and assessment of the structural
safety of buildings containing such materials. In order to estimate the compressive strength of
masonry, the construction and testing of stacked masonry prisms or larger setups are commonly
described in the literature [4], in accordance with European normative EN 1052-1 [5]. This data
is crucial for the development of analytical strategies aimed at managing the costs associated
with experimentation.

The compressive strength prediction of masonry is often a challenge due to the stress mis-
match of the constituents [6, 7]. Although the behaviour of masonry under pure compression
is well documented, the assessment of strengthened elements deserves more insight. The ap-
plication of polymer-based jackets in load-bearing masonry elements allow to improve both
strength and ductility [8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. Experimental programs still
are at a higher level when compared to the existing analytical and numerical tools of analysis
[20]. The Italian normative [21] includes provisions formulated according to data from exper-
iments on masonry elements, but the majority of the current literature stem from procedures
originally oriented for concrete structures [22]. Accuracy of the predictions are thus dependent
on ad-hoc calibrations to better correlate the results with the experimental data from different
masonry types and thus have a limited scope [14, 15, 13, 23, 9]. This concern, together with
the general discrepancies obtained when adopting current codes and literature formulations, has
been recently raised [24]. The need of an analytical or numerical approach that provides accu-
rate predictions of masonry columns reinforced with a polymeric-based wrapping, yet that is
practical and provides immediate results, is lacking and has been highlighted in the literature
[25, 24].

In such a context, the present research tries to address directly the need of a numerical tool to
predict with accuracy the compressive strength of non-strengthened and strengthened squared
columns made of periodic masonry. The type of strengthening accounted is that based on a
polymeric composite through jacketing or wrapping, such as FRP (fiber reinforced polymer)
based or TRM (textile reinforced mortar) based. A brief description of the strategy is addressed
next, together with some preliminary results.

2 GENERAL SPECIFICATIONS

Hilsdorf research shed light on the fundamental mechanism underlying masonry compres-
sion failure. Under compression, the bed mortar joints tend to expand laterally, but the less
deformable units restrict such lateral expansion. This gives rise to a state of pure tri-axial
compression in the mortar joints and a state of compression-tension-tension in brick units, as
depicted in Figure 1.

An elasto-plastic representative volume element (RVE) that occupies a domain Ω ∈ R3 at
initial time t0 is considered for the modelling of a periodic type of masonry that represents a
squared column under uni-axial compression. The formulation is provided in terms of principal
strain and stress quantities. Using Voigt’s notation, the generalized stress and strain components
are given as σ = [σ1, σ2, σ3] and ε = [ε1, ε2, ε3], respectively. The RVE of the unit cell is
modelled through a stack-bond approach (Figure 1), thence neglecting the effect of potential
head joints. Geometric parameters serve directly as input for the formulation. For the sake of
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readiness, it is indicated hereafter that σ1 = σv , σ2 = σ3 = σh, in which the subscript v and h
refers to vertical and horizontal directions, respectively.

Figure 1: Squared unreinforced masonry column: geometry and stress state in the masonry components.

An incremental approach is pursued in which the stress state σ is evaluated for both mortar
(Ωm) and brick (Ωb) constituents at each time increment tk. The time variable t controls the
prescribed increment of vertical strain ∆εv applied to the top surface boundary, which is es-
tablished and assumed as known at the beginning of each k increment. Although ε:=ε(t) and
σ:=σ(t), these are considered to be equal at any point P ∈ Ωm and P ∈ Ωb for a given time
increment tk. Strain vector is computed assuming an additive decomposition of the elastic εei
and plastic εpli parts of strain. Accordingly, the strain variation for each increment k is found as:

∆ε
(·)
i = ∆ε

(·),e
i +∆ε

(·),pl
i , (·) = m, b , i = v, h (1)

in which the elastic increment ∆ε
(·),e
i is determined according to a constitutive relationship

based on the Hooke′s law. In specific, the time-independent relation for brick units is given
in Equation (2) and written according to the corresponding Young’s modulus Eb and Poisson’s
ratio νb. For mortar, the relation is given in Equation (3). The Young’s modulus Em is kept
constant, but the Poisson’s ratio can be defined by a time-dependent law νm(σ

m).

εb,ek = [∆εb,eh , ∆εb,ev ]T =
1

Eb

[
1− νb −νb
−2νb 1

] [
∆σb

h

∆σb
v

]
(2)

εm,e
k = [∆εm,e

h , ∆εm,e
v ]T =

1

Em

[
1− νm(σ

m
k−1) −νm(σ

m
k−1)

−2νm(σ
m
k−1) 1

] [
∆σm

h

∆σm
v

]
(3)

in which σm
v = σb

v = σv. The plastic strain increments are found by respecting the interface
compatibility condition according to Hilsdorf’s theory [6]. Strain equality is enforced in the
horizontal direction in Equation (4) and vertical direction in Equation (5).
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∆εb,eh +∆εb,plh = ∆εm,e
h +∆εm,pl

h (4)

∆εv(2H + t) = 2H(∆εb,ev +∆εb,plv ) + t(∆εm,e
v +∆εm,pl

v ) (5)

The horizontal equilibrium is verified given the system components as:

2HB∆σb
xx + tB∆σm

xx = 0 (6)

The admissible set of principal stresses is bounded by a closed and convex domain for both
mortar and brick units. A multi-surface approach is adopted and provided in the σ1 − σ3 space
under the condition that σ1 ≤ σ2 = σ3. A Mohr-Coulomb failure is adopted with a compression
cap and a tension cut-off was adopted for both components.

At last, it is important to highlight the law that bounds the elastic nonlinear response of
mortar. The proposed law follows the Ottosen [26] and the Mohamad [27] models. This is
necessary to reproduce important phenomenological aspects related with the Poisson’s ratio of
mortar, such as: (1) its initial decrease, (2) the significant increase after the uni-axial compres-
sive strength value, and (3) the rapid increase near failure which may reach very high values
(range ≈ 0.8 − 0.9) [28]. The inclusion of such internal variable is paramount to describe the
non-linear elastic response of some mortars for higher confinement stresses.

νm
k (β) =


0.1 if β ≤ β1

νm − (νm − νinf )
√
(1− β−β1

1−β1
if β1 ≤ β ≤ 1.0

νm if β ≥ 1.0 ∧ f cap
m (σm

k ) < TOLσ

0.8 if β ≥ 1.0 ∧ f cap
m (σm

k ) ≥ TOLσ

(7)

in which β = σv

fcm
, β1 = 0.8 [26], f cap

m (σm
k ) is the mortar compression cap function and TOLσ

a tolerance assumed as 0.5fcm.

3 APPLICATION

The accuracy of the proposed numerical model is evaluated based on the experimental cam-
paigns on squared masonry columns from Faella et al. [29]. Faella et. al works [29] gather
tests on 28 clay-brick masonry squared columns confined by 1 or 2 layers of GFRP. The cross-
sections range 380 × 380mm2 and to 250 × 250mm2. The masonry prisms were casted with
weak mortar. It is considered for the Mohr-Coulomb criteria of mortar a ϕm = 25.3deg..

The columns evaluated are made of clay masonry and include the so-called type A and type
B[29]. The type A columns have a radius R = 10 mm and brick height of H = 30 mm.
These have been strengthened with either one or two layers for the FRP (glass fibers) jacket,
whose experimental properties are E = 80700 MPa and fd,FRP = 2560 MPa and for which the
thickness of a single layer is defined as tFRP = 0.48 mm.

The columns made of clay masonry type B have a radius R = 25 mm and brick height of
H = 55 mm. These have been strengthened with either one or two layers for the FRP (glass
fibers) jacket, whose experimental properties are E = 65000 MPa and fd,FRP = 1600 MPa and
for which the thickness of a single layer is defined as tFRP = 0.23 mm. The squared column
geometry changes either between a B = 250mm and B = 380mm.
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The predicted results are compared in terms of ultimate capacity for both non-strengthened
and strengthened cases, and values retrieved from the expressions of Eurocode 6 [30], ACI [22],
Italian code [21] and results from Corradi et al. [13] are also presented. As input for mortar, it
has been considered a fcm = 1.027 MPa, ftb = 0.10fcb MPa, Em = 1000 MPa (value suggested
for lime-based mortar in [31]) and νm = 0.3. For clay bricks of type A and following the
interval proposed in [29], a fcb = 20.0 MPa, ftb = 0.10fcb MPa, Eb = 20000 MPa (value found
as 1000fcb [31]) and νb = 0.15. For clay bricks of type B and following the interval proposed
in [29], a fcb = 15.0 MPa, ftb = 0.10fcb MPa, Eb = 15000 MPa (value found as 1000fcb [31])
and νb = 0.15.

Results are presented in Figure 2. The proposed model proves to be accurate considering the
different geometries of the column and strengthening options, such as wrapping nature, num-
ber and thickness of polymer-base layers. The numerical approach requires only 1 second of
analysis since few increment of vertical strain are needed to achieve a solution. More impor-
tantly, it requires few input parameters that are typically retrieved from experimental material
characterization tests.
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Figure 2: Comparison between the numerical and analytical predictions with the experimental data.

4 CONCLUSIONS

A fast numerical model was presented to predict the compressive strength of squared columns
made of periodic clay brick masonry. The predicted values are within 10% difference with ex-
perimental data. It is rather evident that current normative strategies show, as intended, a con-
servative nature. Although the model seems promising, it is addressed that more experimental
data are required for a further evaluation on its validity. The present study includes only data
related to clay masonry and for a weak mortar. Further studies will demonstrate the suitability
of the model on other types of masonry units and also in presence of strong mortars.
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