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Abstract In the last decades, several tsunamis hit

international coasts and engaged scientific awareness

to the retrofit of coastal buildings against tsunami

loads. Structural design under tsunami loads is diffi-

cult due to the high uncertainties of the phenomenon.

Local collapse mechanisms of masonry walls, like as

out of plane mechanisms, have an high probability due

to flexural actions; a higher flexural capacity can be

reached using specific retrofit systems; in particular,

this paper aims to deepen the behavior of masonry

walls retrofitted with innovative retrofit systems like

as natural fibers applied with inorganic mortar matri-

ces. The retrofit of structures under tsunami actions

could be an innovative research topic for international

research community dealing with coastal buildings

located in areas characterized by a high tsunami risk.

Recent engineering applications demonstrated the

innovative strengthening systems to be effective for

the retrofit of existing masonry buildings. These

strengthening systems are of great interest in the

practical applications due to the low costs and their

sustainability. In fact, the lower costs compared to the

synthetic fibers allow their diffusion in emerging

countries. In a first part the impact of constituents on

the structural capacity of masonry elements strength-

ened with natural systems has been discussed. Impor-

tant results have been provided in order to improve the

knowledge and encourage the development of these

systems in many engineering applications. Finally, the

effects of retrofit systems on masonry walls under

tsunami loads will be discussed in terms of critical

inundation depth variations before and after the

interventions.

Keywords Masonry walls � Local mechanisms �
Innovative retrofit systems � Natural fibers � Tsunami

Nomenclature

bcs Width of the masonry cross-section

Ecf,t Young’s modulus of fiber

Ecm,t Young’s modulus of mortar matrix

E*
cm,t Homogenized Young’s modulus of

composite system

Ecf ;t Dimensionless Young’s modulus of fiber

E
�
cm;t

Dimensionless homogenized Young’s

modulus of composite system

fm,t Tensile strength of masonry

fm,c Compressive strength of masonry

fcm,t Tensile strength of matrix

fcm,c Compressive strength of matrix
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fcf,t Ultimate tensile strength of dry fiber

f*cm,cr Homogenized cracking stress of composite

system

f
�
cm;cr

Dimensionless homogenized cracking stress

of composite system

g Gravitational acceleration constant

Hi Interstorey height

h Expected inundation depth

hcs Height of the masonry cross-section

hmax Design inundation depth

k Constant coefficient

M Bending moment

m Dimensionless bending moment

ms Dimensionless bending moment

ms,1 Dimensionless bending moment equation in

case of triangular load pattern

ms,2 Dimensionless bending moment equation in

case of trapezoidal load pattern

P Axial load

Pm Concentrated load

p Dimensionless axial load

qmax Tsunami distributed load at the base of the

structure

s Masonry wall thickness

tcf Equivalent thickness of fiber

tcm Thickness of mortar matrix

x Neutral axis depth

a Wall openings ratio

b Fictitious coefficient

ecf,t Ultimate strain of composite system

ecm Generic strain value of composite system

emu Ultimate strain of masonry

em0 Strain value of masonry corresponding to

peak value of strength

ecm,2 Ultimate strain of constant behavior of

composite system

ecm,cr,1 Cracking strain of composite system

e Dimensionless strain level of composite

k Factor that correlates the actual distance of

the centroid of non-linear stress–strain

distribution to the neutral axis depth

g Inundation depth coefficient

w Factor that correlates the real nonlinear stress

distribution to the stress block resultant

q Water density

qc Ratio between area of mortar matrix and of

fiber

r�c Dimensionless stress value of composite

xc Mechanical composite reinforcement ratio

n Dimensionless neutral axis

1 Introduction

In the last decades several catastrophic tsunami events

have stimulated the attention of the scientific commu-

nity to deepen the behavior of structures under tsunami

loads. Post-event surveyors in Sumatra (2004) and

Japan (2011) reported a high vulnerability of masonry

buildings subjected to tsunami loads compared to

other construction types as RC buildings, especially

against the activation of out-of-plane mechanisms

[1–3].

Clarifying the behavior of masonry walls under

tsunami loads in terms of activation of local mecha-

nisms is not obvious because tsunami forces are

superficial actions that depend on the exposed surface

of the structure to the tsunami waves [4, 5]. Con-

versely, for instance, seismic forces are inertia actions

depending both on the mass and on the dynamic

behavior of the structure. Therefore, the behavior of

structures under tsunami loads is not comparable to

that under seismic loads.

Main flexural out-of-plane local mechanisms are

related to vertical [4] and horizontal [6, 7] bending

mechanisms; in this paper, only vertical bending

mechanisms are analyzed in detail.

In order to increase the existing building capacity

against the activation of local mechanisms, the use of

composite materials like as natural fibers could be a

sustainability criterion.

Composite materials are made of a matrix compo-

nent (organic or inorganic solution) and a fiber

component (synthetic or natural). For masonry mate-

rials the organic matrix is generally replaced by the

inorganic material [8, 9] due to the best compatibility

with the substrate [8, 9]. When the strengthening

strategies are performed on high quality masonries, the

composite systems based on inorganic matrix and

synthetic fibers (i.e. carbon, glass and basalt) are

certainly preferable for the strengthening strategy

[10]. However, for masonry materials, recent scientific

studies [11] have demonstrated that small quantities of

composite are enough to adequately improve the

structural capacity of the masonry. Furthermore,
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masonry elements reinforced with high reinforcement

ratios of the composite show a failure mode due to the

strengthening system favoring a brittle behavior [12].

The strong differences in terms of mechanical perfor-

mances between the masonry and the composite

promote a low efficiency of the strengthening strategy.

Therefore, especially for poorly built masonry build-

ings, stronger materials might show some drawbacks.

In fact, when the strengthening system is applied on

poor masonry, the synthetic fibers are generally

replaced by natural fibers [13]. The high compatibility

in terms of mechanical properties between the com-

posite and the masonry promotes a high efficiency of

the strengthening system.

The high mechanical compatibility is not the only

advantage of these systems. In particular, intervention

strategies performed on heritage buildings must be

compatible with the reversibility and restoration

criteria [14, 15]. Strengthening systems made of

organic matrix and high-performance materials often

do not satisfy them. Natural fibers have low cost and

are easily available. This is a key aspect to promote the

development of strengthening strategies in emerging

countries. Furthermore, the strengthening systems

based on natural materials satisfy the sustainability

criteria due to the manufacturing and life cycle that

produce an extremely low pollution. The inorganic

matrix can be made of several materials like as

cementitious or lime mortar. The choice of the system

depends on the characteristics both of the masonry

substrate and of the fiber. The mechanical perfor-

mances of the mortar provide negligible impact in

composites based on high performance fiber. This

effect is due to the low level of the initial cracking

stress compared to the ultimate stress of the compos-

ite. In fact, only for inorganic matrices characterized

by high mechanical performances, the cracking con-

dition provides a non-null contribution on the struc-

tural behavior of the strengthened masonry cross-

section.

Furthermore, the ductility is strongly influenced by

the cracking threshold [16]. Therefore the structural

behavior of the strengthened masonry is strongly

influenced by the ratio between the tensile strength of

matrix, fcm,t and the tensile strength of the fiber, fcf,t.

The composite retrofit system guarantees a tensile

capacity to the masonry wall cross section and it is a

significant improvement for the cross section behavior

due to the negligible tensile strength of unreinforced

masonry, depending on the layout of fibers [17, 18]

and even low amounts of fibers are able to provide

significant enhancement, in particular at reduced axial

loads [19–21].

Present work focuses on the structural behavior of

masonry buildings strengthened with inorganic matrix

and natural fiber and subjected to tsunami loads. In a

first step, the impact of the inorganic matrix on the

ultimate behavior of masonry elements strengthened

with natural systems (i.e. inorganic matrix and natural

fiber) has been assessed. For these strengthened

systems the ultimate condition is generally due to

the failure of the composite. Therefore, the value of

the cracking threshold modifies the ultimate behavior

of the strengthened masonry. The influence of the

matrix has been checked in terms of flexural capacity

and ductility capacity of the strengthened masonry

elements. A parametrical analysis has been carried out

considering appropriate values for the stress–strain

relationships of masonry and composite system.

Successively, the behavior of masonry walls against

the activation of bending local mechanisms under

tsunami loads is analyzed and the benefits of the

retrofit systems with natural fibers are remarked. A

useful tool is provided with the aim to design retrofit

systems depending on a critical parameter for

tsunamis such as the expected inundation depth. The

proposed approach and the relative tool are useful for

the risk mitigation in areas where masonry buildings

show high vulnerability to tsunami loads [22, 23]. All

the results are provided in dimensionless form in order

to offer generalizable results applicable to any

masonry cross section and condition. A practical

example has been done according to a linear stress–

strain constitutive relationship of composite. This

simplified assumption was assumed according to the

modern guidelines [24, 25].

2 Retrofit system with natural fibers

A strengthened masonry cross-section is made of

several constituents: masonry, mortar matrix and fiber.

For each material a specific stress–strain constitutive

relationship can be chosen. Many experimental tests

showed the masonry to be strongly non-linear already

for low stress levels both in compression and in

tension [26]. Furthermore, the tensile strength of

masonry, fm,t is lower than its compressive strength,
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fm,c. Usual engineering applications were designed

under the no tensile strength assumption for masonry.

Recent scientific works [11, 12] showed the impact of

this parameter on the ultimate behavior of masonry

elements in terms of flexural and ductility capacities

[13]. For strengthened elements, the tensile strength of

masonry provides negligible impact on the flexural

capacity. However, the influence on the ductility could

be not negligible [12].

The goal of this first part is to assess the impact of

the mechanical properties of matrix on the ultimate

behavior of the strengthened masonry. Therefore, the

influence of the tensile strength of masonry on the

structural behavior of the strengthened masonry has

been neglected.

2.1 Mechanical and geometrical characterization

The masonry has been modelled in compression by

means of the simplified stress–strain constitutive

relationship according to Eurocode 6 [27]. It is

represented by two main stress–strain relationships:

a first parabolic stress–strain relationship starting from

the origin up to a conventional strain value equal to

em0 = 0.002; a second constant stress–strain relation-

ship starting from the em0 up to the conventional

ultimate strain, emu = 0.0035 with a maximum stress

equal to the compressive strength of masonry, fm,c
(Fig. 1).

Recent experimental tests provided important

information on the structural behavior of composites

[28]. The recent scientific studies [29, 30] show that

the stress–strain constitutive relationship is strongly

influenced by the constituents (i.e. matrix and fiber).

For strengthening systems made of inorganic matrices

and natural fibers, experimental results show three

main behavior thresholds on the stress–strain consti-

tutive relationship. Therefore, the composite can be

modelled by using a tri-linear simplified stress–strain

relationship. The strengthening system has been

considered effective only under tensile stress. Mortar

matrix and fiber differ both in terms of tensile strength

(fcm,t and fcf,t) and of elastic properties. The mortar

matrix has thickness, tcm and Young’s modulus, Ecm,t;

conversely, the fiber has equivalent thickness, tcf and

Young’s modulus, Ecf,t. The stress–strain constitutive

relationship can be easily homogenized considering a

composite system with thickness of the fibers. The

initial stress–strain constitutive relationship has an

homogenized Young’s modulus, E*
cm,t:

E�
cm;t ¼

Ecm;t � tcm þ Ecf;t � tcf
tcf

ð1Þ

The previous equation provides the initial stress–

strain constitutive relationship up to the homogenized

cracking stress, f*cm,cr (green line of Fig. 2):

f �cm;cr ¼
fcm;t

Ecm;t
E�
cm;t ¼

fcm;t

Ecm;t
Ecm;t

tcm
tcf

þ Ecf;t

� �

¼ fcm;t
tcm
tcf

þ Ecf;t

Ecm;t

� �
ð2Þ

For a value of the strain, ecm higher than the

cracking strain (blue line of Fig. 2), ecm,cr,1:

ecm;cr;1 ¼
fcm;t

Ecm;t
¼

f �cm;cr

E�
cm;t

ð3Þ

the homogenized cracking stress, f*cm,cr remains

constant up to the strain ecm,2:

Fig. 1 Stress–strain constitutive relationships for masonry

Fig. 2 Stress–strain constitutive relationships for and the

composite system
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ecm;2 ¼
f �cm;cr

Ecf;t
ð4Þ

For a strain value higher than, ecm,2 the behavior of

the composite is governed by the fiber (red line of

Fig. 2). Therefore, the ultimate condition of the

composite is due to the failure of the fiber, i.e. point

(fcf,t, ecf,t) of Fig. 2.
In this paper, the influence of the cracking thresh-

old, f*cm,cr, on the ultimate behavior of strengthened

masonry has been assessed.

2.2 Dimensionless approach

The flexural capacity of a strengthened masonry can

be written dimensionless according to the method

explained in [13]. The flexural capacity has been

derived starting from the bending moment–curvature

diagram, M-v. Once the axial load is fixed, the points

along the vertical line on the P-M domain represent

different behaviors at increasing curvature in the plane

M-v up to the flexural capacity. The normalization

allows to provide generalizable results for any

geometric and mechanical parameters. For a generic

cross-section, the dimensionless parameters, p and m,

axial load and bending moment, respectively, can be

introduced:

p ¼ P

bcs � hcs � fm;c
ð5Þ

m ¼ M

bcs � h2cs � fm;c
ð6Þ

where bcs and hcs represent the width and height of the

masonry cross-section respectively, fm,c is the com-

pressive strength of the masonry, P andM are the axial

load and bending moment, respectively.

The normalization has been performed with refer-

ence to the ultimate tensile strength of the dry fiber,

fcf,t. For the trilinear stress–strain constitutive rela-

tionship of the composite the homogenized moduli,

E*
cm,t and Ecf,t and cracking stress, f*cm,cr, can be

normalized as follow:

E
�
cm;t ¼

E�
cm;t

fcf;t
ð7Þ

Ecf;t ¼
Ecf;t

fcf;t
ð8Þ

f
�
cm;cr ¼

f �cm;cr

fcf;t
ð9Þ

It is interesting to note that E
�
cm;t and Ecf;t represent

the reciprocal of a strain.

In addition, each representative strain of the

composite stress–strain constitutive model is dimen-

sionless depending on the ultimate strain ecf,t.
Assuming perfect bond between masonry and

composite, the stress–strain constitutive relationship

can be expressed in normalized form as follow:

r�c ¼
e � E�

cm;t ! �ecm;cr;1 � e� 0

f
�
cm;cr ¼ E

�
cm;t � ecm;cr;1 ! �ecm;2\e\� ecm;cr;1

e � Ecf;t ! �ecf;t

8><
>:

ð10Þ

where, e is the dimensionless strain level of the

composite (i.e. equal to the strain value of the masonry

substrate in perfect bond) and, r�c is the dimensionless

stress value achieved by the composite. For a

reinforced masonry cross section, with unitary depth,

the ratio between the mortar matrix and the fiber, qc, is
introduced:

qc ¼
tcm
tcf

ð11Þ

The stress–strain constitutive relationship can be

expressed by means of normalized parameters: E
�
cm;t,

Ecf;t, f
�
cm;cr and qc.

The neutral axis, x, can be normalized with respect

to cross section height, n = x/h. The equilibrium

equations on the reinforced concrete cross-section

can be written introducing the mechanical reinforce-

ment ratio, xc as follows:

xc ¼
tcf � fcf;t
hcs � fm;c

ð12Þ

Therefore, the horizontal equilibrium equation can

be written in normalized form:

p ¼ w � nþ xc � �rc ð13Þ

where: w is the factor that correlates the real nonlinear

stress distribution to the stress block resultant; it is a

function of the maximum masonry strain [31]. The
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flexural capacity can be evaluated according to

rotational equilibrium around the centroid of the cross

section as follows:

6 � m ¼ � 1� kð Þ � w � n2 þ w � n� 0:5 � p ð14Þ

where, k is the factor that correlates the actual distance
of the centroid of non-linear stress–strain distribution

to the neutral axis depth, x (Fig. 3). It is function of the

maximum masonry strain. In the previous equations,

p and m are functions only of the previously discussed

normalized parameters.

2.3 Parametrical analysis

Parametrical analysis has been carried out fixing

appropriate values for the normalized stress–strain

relationships of masonry and composite systems. The

following analysis was performed according to a

research-oriented approach. In fact, the available

models [24, 25] neglect the influence of the mortar

matrix on the structural capacity of the strengthened

masonry. The goal of this analysis is to provide the key

effect of constituents on the structural behavior of

strengthened masonry cross-sections. The numerical

results are dimensionless [13]. The main objective is

to analyze the mechanical performance of the rein-

forced masonry at the variation of the mortar matrix.

The choice of the mechanical and geometrical param-

eters for the parametrical analysis was carried out by

analyzing the natural fibers and mortar matrices

commercially available. The properties for the dry

natural fibers were defined according to average

properties. This allowed to fix a specific range of the

mechanical properties for mortar matrix. Table 1

outlines the values of the geometrical and mechanical

parameters chosen for the composite systems.

The cracking stress, f
�
cm;cr has been changed up to

the limit condition where the homogenized cracking

stress, f
�
cm;cr is equal to the tensile strength of the dry

natural fiber, f cf;t. Starting from the values reported in

Table 1, the normalized parameters have been esti-

mated according to the previously discussed approach

(Table 2).

Therefore, the parametrical analysis was carried out

with five normalizedmodels of the natural composites,

by changing only the properties of the mortar (Fig. 4).

The mechanical fiber reinforcement ratio, xc varies

from 0 to 2 by using the following steps: 0, 0.1, 0.25,

0.5, 1 and 2. The following figures show the bending

moment–curvature diagrams for the five stress–strain

models while changing the reinforcement ratio, xc.

For this analysis the axial load, P is assumed equal to

20% of the axial strength. Figure 5 shows the com-

parison between the model 1 (f
�
cm;cr = 0) and the model

2 (f
�
cm;cr = 0.1). The black dashed line reported in the

following figures represents the bending moment–

curvature diagram of the unreinforced masonry ele-

ment (i.e. xc = 0).

When the tensile strength of the matrix is reduced,

the trilinear relationship (model 2) tends to provide

results that are similar to the linear relationship of the

fiber alone (model 1). The negligible influence is clear

also for different values of the reinforcement ratios,

xc. For these systems also the influence of the tensile

strength of matrix on the ductility capacity results

negligible. Figure 6 shows the comparison between

the model 1 (f
�
cm;cr = 0) and the model 3 (f

�
cm;cr = 0.33).

The influence of the tensile strength of the matrix is

clear for different mechanical fiber reinforcement

ratios. The ultimate curvature (evaluated at a drop of

20% after peak bending moment) decreases with the

tensile strength of the matrix. Therefore, this

Fig. 3 Strengthened

masonry cross-section:

internal stresses and

dimensionless parameters
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parameter influences the ductility capacity of the

strengthened masonry cross-section. For higher rein-

forcement ratios the impact of the mortar becomes

negligible also for the model 3. In fact, for high

reinforcement ratios the failure mode is constantly due

to the masonry and the tensile strength of matrix

changes the bending-moment diagram only for low

fiber strength levels. Figure 7 shows the comparison

between the model 1 (f
�
cm;cr = 0) and the model 4 (f

�
cm;cr

= 0.71).

Similar results can be observed for the model 4.

When the tensile strength increases, the effect of the

cracking stress is not negligible. For high performance

mortar matrix, the ultimate condition of the masonry

Table 1 Geometrical and mechanical properties of the natural composite

Element Tensile strength (MPa) Young’s modulus (GPa) Thickness (mm)

Hemp grid 47 7 0.3

Mortar 0, 0.1, 0.35, 0.75, 1.05 8 15

Table 2 Normalized parameters for the natural composite

Model E
�
cm;t [–] Ecf;t[–] f

�
cm;cr [–] ecm,cr,1 [–] ecm,2 [–]

Model 1 7617 149 0 0.000 0.000

Model 2 0.1 0.002 0.095

Model 3 0.33 0.007 0.333

Model 4 0.71 0.014 0.714

Model 5 1 0.020 1.000

Fig. 4 Normalized stress–strain constitutive relationships for

the composite: model 1 (black line), model 2 (pale blue line),

model 3 (red line), model 4 (green line) and model 5 (dark blue

line). (Color figure online)

Fig. 5 Normalized bending moment–curvature diagrams:

model 1 (black lines), model 2 (pale blue lines). (Color

figure online)

Fig. 6 Normalized bending moment–curvature diagrams:

model 1 (black lines), model 3 (red lines). (Color figure online)

Fig. 7 Normalized bending moment–curvature diagrams:

model 1 (black lines), model 4 (green lines). (Color

figure online)
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cross-section is due to the failure of matrix. This effect

has been remarked in Fig. 8 by means of the compar-

ison between the model 1 and model 5 (i.e. homog-

enized tensile strength of mortar equal to the tensile

strength of fiber). In this case the flexural behavior of

the strengthened masonry cross-section is weakly

influenced by the reinforcement ratio and the failure

mode is brittle.

3 External loads

The modelling of the wave impact on the structures is

difficult due to the different components of the

tsunami. In particular, hydrostatic loads, hydrody-

namic loads and debris impact forces characterize the

main horizontal loads. In the scientific literature

different codes and guidelines provide different

approaches for modelling tsunami forces on struc-

tures; the main international references are provided

by ASCE 7–16 [32], FEMA P-646 [33] and Japanese

guideline [34].

Two different approaches can be recognized in the

cited documents: the first one is developed and

proposed by FEMA and ASCE that consider several

scenarios and forces (e.g., hydrostatic, drag, buoyant,

surge, impact, debris impact forces). Every force

depends on several parameters (e.g., inundation depth,

flow velocity and maximum momentum flux) indi-

cated by hazard maps, numerical simulations or

simplified equations.

The second approach is defined by the Japanese

guideline and it is based on the assumption that the

tsunami loads on buildings can be modelled adopting

one equivalent hydrostatic load that implicitly

includes hydrostatic and hydrodynamic loads

(Fig. 9). In particular, the fictitious design inundation

depth hmax is assumed equal to the expected inunda-

tion depth h amplified by a coefficient g depending on
availability of specific tsunami energy dissipation

structures, namely seawalls; the coefficient g is

variable between 1.5 and 3.0 and the expected

inundation depth is the only parameter needed to

model tsunami loads on structures, including implic-

itly also dynamical effects of the tsunami wave upon

the impacted structure. Therefore, the distributed load

qmax at the base of the structure is evaluated according

to the following equation:

qmax ¼ qg ghð Þ ð15Þ

where q is the water density and g the gravitational

acceleration constant.

The Japanese guidelines follow the basic concept

proposed in the previous guideline by [35] where the

coefficient g is always equal to its maximum value.

The method has been revisited because the coefficient

gwas too conservative considering tsunami post-event

measurements.

Therefore, the Japanese approach is adopted to

carry out analyses on coastal masonry buildings

considering g equal to its maximum value, due to the

absence of any tsunami energy dissipation structures.

4 Vertical bending mechanism

In this paper, the activation of out-of-plane local

mechanisms is investigated mainly as vertical bending
Fig. 8 Normalized bending moment–curvature diagrams:

model 1 (black lines), model 5 (dark blue lines). (Color

figure online)

Fig. 9 Equivalent hydrostatic load on a masonry wall

characterized by an interstorey height Hi and thickness s
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mechanism for a masonry wall under tsunami loads

[22] (Fig. 10).

As shown in Fig. 10, the section that reaches the

failure and yields to the collapse of the wall is at the

lower part of the wall due to the considered external

load pattern. In fact, it is interesting to note that

seismic forces are inertia forces depending on the mass

of the structure while tsunami actions are superficial

forces that depend on the exposed surface of the

structure to the tsunami waves.

In the next paragraph normalized P-M interaction

diagrams of the wall cross section and normalized

maximum external bending moment equations have

been developed in order to evaluate the critical

inundation depth that activates the vertical bending

mechanism of masonry walls under tsunami loads. In

addition, the bending capacity of the wall cross section

is increased by the retrofit system with natural fibers to

account for the effect of retrofitting.

4.1 P-M interaction diagrams

As shown in Sect. 2.1, the behavior of composite

systems, generally, is variable due to the interaction

between the matrix and the fibers. In fact, composites

have a linear behavior before matrix cracking and

subsequent tension stiffening at low strain values.

In the masonry wall analysis, a linear behavior is

assumed to describe the composite retrofit system (i.e.

Model 1) while capacity in compression is neglected

as basic assumption, coherently with a design-oriented

approach. In fact, a linear behavior is assumed to

describe the composite stress–strain relationship due

to the assumption of cracked mortar according to main

international guidelines as CNR DT 215 [25] and ACI

549.4R-13 [24]. Therefore, in Eq. 10, the cracking

stress fcm,cr is assumed equal to zero while the elastic

modulus Ecm,t becomes irrelevant.

The masonry behavior in compression is described

according to the Eurocode 6 [27], see Sect. 2.1.

Furthermore, on the top, an additional concentrated

load Pm is to be considered for modelling self-weight

and the effect of other storeys. Therefore, a normalized

external axial load on the cross section is assumed

variable in a range up to about 40% of the ultimate

axial load capacity of the walls. The corresponding

ultimate bending moment is evaluated based on P-M

interaction diagrams as Pm value changes.

4.2 Maximum external bending moment

The activation of vertical bending out-of-plane mech-

anism occurs when maximum external bending

moment equals the cross-section capacity.

Linear analyses are performed considering a

mechanical model composed by a simply supported

beam with a linear (triangular o trapezoidal) load

pattern characterized by a variable inundation depth

and a constant slope (equal to the water density)

according to the Japanese approach where tsunami

loads on structures are described adopting one equiv-

alent hydrostatic load. The simply supported beam

length is equal to the interstorey height Hi.

Considering the static model shown in Fig. 11, it is

easy to derive the maximum of the bending moment

function, by considering the zero of the shear function.

Dimensionless equations have been evaluated in

the case of triangular (ms,1) and trapezoidal (ms,2) load

patterns in order to compare the external bending

moment with the ultimate bending moment of the

cross section and to provide generalizable results that

can be used for any masonry wall.

ms;1 ¼ kg3
h

s

� �3 s

Hi

� 9� 9g
h

s

s

Hi
þ 2

ffiffiffiffiffiffiffi
3g3

p h

s

� �3
2 s

Hi

� �3
2

 ! ð16Þ

Fig. 10 Vertical bending mechanism
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ms;1 ¼ kg3
h

s

� �3
s

Hi

� 9� 9g
h

s

s

Hi
þ 2

ffiffiffiffiffiffiffi
3g3

p h

s

� �3
2 s

Hi

� �3
2

 ! ð17Þ

where:

• k ¼ agqHi

54fm;c
;

• b ¼
ffiffiffi
3

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hi

s

� �2�3g Hi

s
h
s þ 3g2 h

s

� �2q
;

• a is the wall openings ratio;

The ratio between areas of openings (windows and

doors) and of gross wall, (1-a) was assumed to be

between 0 and 0.3 according to ASCE 7-16 [32] and

the Japanese guidelines [34].

In addition, the equations depend on the ratio s/Hi

that represents the geometrical vertical slenderness of

the masonry wall.

The previous equations have been plotted for

different constant values of the geometrical slender-

ness of the wall s/Hi considering the ratio ms/k on the

y-axis and h/s on the x-axis (Fig. 12).

The circular marks represent the critical points

where the triangular load pattern is substituted by the

trapezoidal load pattern; these points are evaluated by

the simple equality:

gh ¼ Hi !
h

s
¼ 1

g s
Hi

ð18Þ

The order of magnitude on y-axis is large due to the

dimensionless constant k value that is usually variable

in the range 10–4 to 10–5 and in particular, it depends

primarily on the ratio Hi/fm,c because the other

parameters can be considered constant in this study.

Fig. 11 Static model analyzed with triangular and trapezoidal load patterns

Fig. 12 Normalized critical bending moment
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In addition, in Fig. 12, the curves overlap due to the

influence of wall thickness s, despite the external

bending moment is independent from the wall thick-

ness. The selection of normalized constant, howso-

ever, is useful to compare the external bending

moment and the bending capacity of the wall cross

section.

5 Retrofit system effects

In order to clarify retrofit system effects, several

normalized P-M interaction diagrams are plotted

considering different values of the composite mechan-

ical ratio xc, ultimate composite strain eu (i.e. Ecf;t

representing the reciprocal of ultimate composite

strain) and external normalized axial load values

p (Fig. 13). Generally, normalized axial loads in real

structures range between 0.1 and 0.4.

Forxc equal to zero, it is possible to extrapolate the

bending capacity of the cross section without retrofit

systems (i.e. unreinforced). In addition, it is clear that

small increments of composite mechanical ratio

provide significant benefits in terms of bending

capacity for the cross section. In fact, it is assumed

that masonry does not carry tractions and the cross

section has no bending capacity at zero axial load

while adding a retrofit system to the cross section, that

carries only tractions, the benefits at small external

axial loads are significant in terms of bending

capacity.

It is interesting to note that for high external axial

loads, the benefits of a retrofit system are limited by

increasing the composite mechanical ratio. This is due

to the higher values of neutral axis depth that cause a

limited strain in the fibers in tension and, consequen-

tially, a limited fiber contribution.

Fig. 13 Ultimate bending moment diagrams of masonry cross section for different composite proprieties and fixed external axial loads,

p
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The proposed diagrams in Figs. 12 and 13 can be

useful to design a retrofit system for existing masonry

buildings in tsunami prone areas. A numerical exam-

ple is reported in order to check the potential of the

proposed diagrams. In particular, the minimum com-

posite mechanical ratio to guarantee the minimum

structural capacity against the activation of vertical

bending mechanisms can be easily evaluated by

coupling the proposed diagrams, once the expected

inundation depth is given.

For example, it is possible to consider a category of

walls having an interstorey height Hi of 4.0 m

(Fig. 10), an average compressive strength fm,c of

6.0 MPa and a normalized external axial load p equal

to 0.1. For the composite made of natural fibers, an

ultimate strain is assumed equal to 5% (Ecf;t ¼ 200Þ.
In addition, the following assumptions are made for

the constant parameters:

• a = 0.7;

• g = 3;

• g = 9.81 m/s2;

• q = 1.1 ton/m3.

The density of water q assumes that the tsunami

flows consist of a mixture of sediment and seawater as

reported in FEMA P-646 [33].

In this case, the k parameter is equal to 9.32 10-5

and multiplying the external bending moment by k, it

is possible to compare the external demand with the

capacity of cross section in terms of bending moment

(Fig. 14). The ordinate of the chart in Fig. 14 repre-

sents the external bending moment for the left side of

the chart (as in Fig. 12) and the ultimate bending

moment of the retrofitted cross-section for the right

side of the chart (as in Fig. 13). The chart assumes the

equivalence between the external bending moment

and ultimate bending moment of the retrofitted cross-

section to estimate the required minimum composite

mechanical percentage xc. In particular, the input

parameter is the dimensionless expected inundation

depth h/s. The blue dotted line allows to evaluate the

dimensionless external bending moment on the wall

related to the external inundation depth h.

A design chart (Fig. 15) can be easily obtained by

imposing the equality between the external bending

moment (demand) and the ultimate bending moment

(capacity) of the wall cross section.

Assuming the ratio between the expected inunda-

tion depth h and the wall thickness s equal to 6.0, for

the considered wall properties (p = 0.1), a minimum

composite mechanical ratio of about 4.8% is required.

It is evident that at higher axial loads, the increases of

composite mechanical ratio become less significant, as

the failure is mainly due to masonry.

6 Concluding remarks

This paper aimed to clarify the effects of retrofit

systems with natural fibers against the activation of

vertical bending mechanisms in a masonry wall under

tsunami loads. In addition, the behavior of masonry

sections strengthened with natural composite systems

was evaluated when varying the different mechanical

parameters. The variability of the behavior has been

analyzed, changing both the reinforcement ratios and

the mechanical properties of the matrix. All results

were provided by using a dimensionless process.Fig. 14 Comparison between normalized external bending

moment (demand) and bending capacity of cross section

Fig. 15 Design chart of minimum composite mechanical

percentage xc
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In practical applications, prescriptive approaches

are generally used to design the reinforcement

systems. They generally lead to an overestimation of

the effective amount of required reinforcement. The

first analysis contributes to the implementation of

performance-based design. The type of reinforcement

can be selected in order to optimize the structural

behavior of the strengthened masonry. For natural

systems, the structural behavior of the strengthened

masonry becomes strongly dependent on the mechan-

ical properties of the matrix. Natural systems charac-

terized by high performance matrices and excessive

reinforcement ratios provide deleterious effects in

terms of ductility and efficiency of the intervention

strategy, in fact the failure becomes totally brittle. This

represents a key aspect in the assessment and

strengthening, especially for poor masonry. For these

masonries, the use of compatible materials, like as

natural fibers and limited strength mortar matrices,

appears to be the best solution to improve the

structural capacity. However, the choice of the con-

stituents is important in order to optimize the structural

behavior. Previous analyses have shown the deleteri-

ous effects of high-performance matrices coupled with

natural fibers and deleterious effects of excessive

reinforcement ratios on ductility. These first results

become critical for composites where the constituents

present similar performances. It is generally achiev-

able for systems made of natural fibers. In fact, when

the natural fiber is replaced by synthetic materials the

impact of the performance of the mortar matrix could

be negligible.

Composite retrofit systems with natural fibers are

one of the most useful techniques for retrofitting

existing buildings due to high durability and fire

resistance of materials and sustainability criteria. In

fact, these strengthening systems are generally char-

acterized by small thickness compared to the wall

thickness. Therefore, they do not influence the

dynamic characteristics of the structure due to the

negligible mass. In addition, the fiber mesh guarantees

an improvement of bending moment strength of the

retrofitted element.

When the ratio between the tensile strength of fiber

and the tensile strength of mortar matrix increases, the

linear stress–strain constitutive relationship appears to

be the best strategy to model the composite. Linear

analyses were performed considering a mechanical

model composed by a simply supported beam with a

linear (triangular o trapezoidal) load pattern charac-

terized by a variable inundation depth as reported in

the Japanese guideline that considers one equivalent

hydrostatic load to fully describe the tsunami loads.

Furthermore, a linear behavior is assumed to

describe the mechanical behavior of composite

strengthening system with natural fibers in structural

analysis coherently with a design approach as assumed

in main international guidelines (CNR DT 215 [25]

and ACI 549.4R-13 [24]). Conversely, the parametric

analyses are based on linear, bilinear and trilinear

behavior in order to clarify the effects of different

constitutive behaviors on the cross-section analysis.

After solving the static model, normalized critical

bending moment diagrams are plotted for key param-

eters of masonry walls like as the geometrical vertical

slenderness s/Hi.

Dimensionless P-M interaction diagrams are plot-

ted for several axial load levels that account for the

self-weight and the interaction of other floors on the

analyzed walls with the aim of evaluating the effects

of retrofit systems in terms of bending capacity. It is

interesting to note that for high external axial loads,

the benefits of retrofit system are minor at increasing

the composite mechanical ratio. This is due to the high

value of neutral axis depth that causes a limited strain

in the composite fiber and, consequentially, a limited

contribution.

The proposed diagrams depend on normalized

parameters in order to evaluate generalizable results

applicable to any masonry cross section.

Comparing external load demand and capacity of

cross sections, in terms of bending moment, it is

possible to provide a useful fast tool to design

composite retrofit systems for masonry walls in

relation to an expected inundation depth depending

on the composite mechanical ratio xc. The proposed

numerical example is useful to show how to use the

design charts reported in Figs. 14 and 15. In particular,

the minimum composite mechanical ratio to guarantee

the structural capacity can be easily evaluated given

the expected inundation depth.

Future work will take into account the retrofit

system effects on other local mechanisms of masonry

walls, out-of-plane or in-plane, considering retrofit

benefits on bending and shear capacity. In addition,

earthquake damages can be taken into account for

masonry walls if the epicenter is close to the coastal

buildings.
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