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Abstract

The increase in the computational capabilities in the last decade has allowed numerical models to be widely used in the
analysis, leading to a higher complexity in structural engineering. This is why simple models are nowadays essential because
they provide easy and accessible understanding of fundamental aspects of the structural response. Accordingly, this article
aims at showing the utility and effectiveness of a simple method (i.e. the Load Path Method) in the interpretation of the
behaviour of masonry buildings subjected to foundation settlements due to landslide. Models useful for understanding brick-
mortar interface behaviour as well as the global one are reported. The global proposed approach is also validated by using

Bi-directional Evolutionary Structural Optimization method.

Moreover, drawing inspiration from a case study, the article shows that the proposed approach is useful for the diagnosis
of crack patterns of masonry structures subjected to landslide movements.

Keywords: Masonry structures, Settlements, Landdide, Strut-and-tie model, Load path method, BESO method.

1. Introduction

The assessment of landslide risk is a researclk tufpi
increasing interest all over the world due to beaih
increasing awareness of the dramatically imporitauptact
of landslides on the socio-economic environment and
increasing request for development and extension of
urbanisation in areas prone to landsliding ([1):[ T Italy
this problem is particularly relevant in the arézsated in
the southern Apennines, where landsliding is wid=esp
and responsible for frequent damages to structarebs
infrastructures.

According to Roca et al. [8], the effort investearidg
past decades on the numerical modelling of masonry
structures has yielded versatile and very accumaeputer
approaches applicable to a wide variety of probleviest
applications are based on finite element modellmagro or
micro-modelling or discontinuous methods. Moreowger
large effort is now being undertaken in the dewvelept of
homogenization techniques [9]. The availability tbese
powerful tools has opened new possibilites to the
development of more simplified and engineering raed
methods thanks to the larger opportunities given do
comprehensive and reasonably economical validadioch
calibration.

In this scenario, simple methods based on fundahent
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principles, such as the limit theorems of plasticiare
valuable because they provide easy and accessible
understanding on fundamental aspects of the smalctu
response. For that purpose, they need to show rrebkso
simplicity while affording the description of thessential
phenomena governing the structural capacity [8].0Agn

this category, the Strut-and-Tie Model (STM hereaft
[10]) has been successfully used for a long timsttmly
reinforced and pre-stressed structures [11].

The possibility of using the STM approach for the
study of masonry structural behaviour has beenntbce
investigated (e.g. [8], [12], [13]).

However, despite of all its unquestionable advasgag
the strut-and-tie method is not widely disseminated
because of several constraints to its practicalicaion.
One of the aspects frequently pointed out is theertainty
in selecting a suitable model leading to the disituson
the validity and uniqueness of models. Moreovemeso
engineering judgment is required to come up with th
design model and to find an equilibrated strut-aed-
model can be time consuming if the designer is not
familiarized with the technique [14]. This is theason
why in this article the Load Path Method is progbas an
instrument to design strut-and-tie models in magonr
structures.

Following what above mentioned, this article aimis a
showing the effectiveness of a simple method (e
Load Path Method) in the interpretation of the lvédar
of masonry buildings subjected to foundation settets
due to landslide.

In fact, one of the main difficulties, when dealiwgh
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landslide structural vulnerability, is the possiyil to

individuate the causes of a crack pattern. Modatset on
classical structural mechanics are often diffidoltapply
especially when there is the necessity to perforrapad

vulnerability assessment at the territorial scaleese are
the cases in which the Load Path Method showstilityu
and effectiveness.

Moreover, the choice of the Load Path Method as an
instrument to investigate structural behaviour degifrom
the wish to find a method that could represent ‘traat
d'union’ between Structure and Architecture.

The absence of a common language is one of the
reasons why nowadays there is a very big gap betéee
architect and the engineer.

Architects are always involved in restoration warid,
hence, in the evaluation of structural vulnerafilit

Nowadays, when dealing with landslide vulnerability
assessment, there is a huge need to bridge theegapen
architects and engineers. Maybe it can be achidwed
finding a common model that should be a method to
understand structural behaviour as well as a cteat
effective instrument of investigation and judgemeat
method not only numerical but also geometrical that
should predict calculation results disclosing theape
aspects from which it is possible to recognise tbal
structural behaviour.

In this context, this article aims to highlight thtae
Load Path Method seems to open new perspectivigin
search for a common language between engineers and
architects to try to give voice, in harmony andaisingle
design, to formal, aesthetical, functional and citral
aspects.

Differently from what proposed by [8] and [13], the
proposed approach is not aimed at quantifying ttimate
capacity of masonry walls in the above mentioned
conditions, but it intends to show the effectivenes the
Load Path Method for the prediction of structural
behaviour as well as for the diagnosis of the crzatkerns.
Moreover, it is worth noting that while the apprbaaf [8]
and [13] is based only on equilibrium models, the
proposed approach is based also on consistency.

2. Key Features Of The Load Path Method

Born as a method to design strut-and-tie models in
reinforced concrete structures, the Load Path Mktho
(LPM hereafter) was introduced by Schlaich et Hl][and
then developed mainly by F. Palmisano and A. Vitone
(e.g. references [15]-[19]). Vitone, C. [20], Derfimasi et
al. [21], Palmisano et. al. [22], Palmisano & Tot§23],
Palmisano [24], [25] proposed the Load Path Mettmd
analyse also the behaviour of masonry structures.

In the transfer of forces within a structure or an
element, from their point of originS| to their ends E),
deviations in the load path direction can occursocay a
thrust {); for equilibrium to be maintained, a reactive
force must be applied that is equal in magnitudd an
opposite in direction to this thrust (Figs. 1 and 2
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Fig. 1. Load Path (LP) and Strut-and-Tie Model (STM)
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Fig. 2. Load Path: symbols

The load path represents the line along which eefor
a force component (more precisely: the componena of
force in a chosen direction, e.g. the vertical congnt of
a load) is carried through a structure from thenpaif
loading to its support. The force componehtirf Fig. 1)
associated with a load path remains constant owais
through the structure; as a consequence of thisitierf,
thrustH must be perpendicular to the travelling load
The design of this load flowing through the struetgan
be approximated by polygonal lines in which there a
thrusts in every deviation node.

It follows that, according to the model, the struet
will be crossed by fluxes in compression (dashedsl),
when loads travel in the same direction of thethpand
by fluxes in tension (continuous lines) along whiohds
go in the opposite direction with respect to thgeth (Fig.
2). According to the classical theory, the basitgples
of the Load Path Method are the respect of both
equilibrium and consistency. Thrusts in deviatioodes
are necessary in order to respect equilibrium avetye
path is possible if it is in equilibrium.

Among infinite paths in equilibrium, loads have to
choose the one in which their vectors invest theimmim
quantity of strain energyD)), that is the only one both
consistent and in equilibrium.

The total invested strain energy is
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1
D —E\./[csdv (1)

where V is the integration domain, and ¢ are the
stress and the strain vector respectively.

Along a generic path, that is polygonal in this mod
the calculus of the invested strain ener@Y s simplified
in the summation of the terms which are relativee&eh
side of the truss:

D :iZDi (2)

wherei is the generic side of the load path.

For instance, if linear elastic constitute laws for
materials are assumed as well as constant tram$vers
section of each side, the elementary strain energy

| :%Nihgi (3)

wherei is the generic side of the load paly,is the
intensity of the vector that bears the travelliogd on that
side, [; is the length of the generic side afds the mean
strain on that side.

In the assumption of linear elastic constitute ldws
materials with Young's Modulus equal tB, if the
transversal section of a side is linearly variaioten A,
to A®, (e.g. half of a bottle-shaped strut) the elemgntar
strain energyp; is

_1 Nizli A(l)
D, 2 E(A(l) - A(z)) Ln[ A® (4)
From figure 2 it is possible to notice that theatign
between the travelling lode and its vectoN is

__F
" sing ®)

where@is the inclination of the path. B decreased\
increases; this means that the condition vthil is not
consistent because it will produce an infinite eabf N
and, hence, of the strain enei@yThe consequence of this
consideration is that a travelling load cannot move
orthogonally to itself. The only possibility to mewn the
direction orthogonal to the travelling load is wildw a
path composed by inclined descending and ascending
sides.

3. Behaviour at the Brick-Mortar Interface

In the next paragraph it will be shown that in a
masonry wall subjected to foundation settlements tiu
landslide, load paths in tension arise. This is ria&son
why in this paragraph micro-models principally reéel to
the brick-mortar interface when crossed by tengioxes
are presented [26].

As told at the end of paragraph 1, the proposed
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approach is not aimed at quantifying the ultimapacity

of masonry walls when subjected to landslide moveme
but it is aimed at showing the effectiveness of ltoad
Path Method for the prediction of structural bebavias
well as for the diagnosis of the crack patterns.this
scenario the aim of this paragraph is simply tinterpret,

by using the Load Path Method, the mechanisms that
permit tension fluxes to cross a brick-mortar ifgtee in a
masonry wall.

In this paragraph and in the following one, for gake
of shortness, only the main and peculiar aspectthef
figures are described. For further details seereefmes
[15]-[19].

Figure 3 shows the adopted geometrical model; the
morphology of the brick sides is characterised dgnts’
and ‘hollows’.

The following assumptions have been made:

* masses are concentrated,;

» the brick-mortar joint can be crossed only by apat
in compression;

» only load paths perpendicular to the contact serfac
can cross the interface.

(1) - Horizontal jont

(2) - Vertical jont

(1 @

Fig. 3. Geometrical model of the brick-mortar interface.

The micro-models proposed in this paragraph shew th
path followed by the travelling load= and by its
elementary partd~ in a masonry wall subjected to a
tension flux. 'Friction' and ‘'adhesion' are the mmai
mechanisms that can be activated to make the tensio
fluxes cross the brick-mortar interface. These raadms
are strictly connected to the characteristics o thvo
materials. Friction and adhesion can be physically
modelled respectively by 'micro-dents' and 'micotidws'
on the side of the brick.

In Figure 4 the model for the friction mechanismonfr
the scale of the whole masonry wall (i.e. at thebgl
scale) to a smaller scale (i.e. at the local sc#e, details
(1), (2), (3) in Fig. 4) is represented.

The detail (1) of figure 4 shows a possible patlhef
weight of the brick where the elementary comporgent
divides itself into two equal parts because ofdhemmetry
condition. It is worth noting that this symmetryndition
should be both geometrical and mechanical. Foamnts,
if the tension Young's modulus is less than the
compression one, the compression 'descending'ipaiie
detail (1) of figure 4 is followed by a larger paftF;.

The details (2) and (3) of figure 4 show the paths
loads and thrusts at the brick-mortar interfaceariks to
the brick dents, load passes from brick to mokterssing
the interface using a compression path. In evewatien
node, the elementary travelling load applies anitizahal
thrust that has to find equilibrium in the struetur

A peculiarity of the friction mechanism is thatghian
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be activated also without mortar at the interfaces only contact area. Secondly, the deviation of the el¢angn
necessary the contact between the two surfaceshign parts F; towards the contact area causes new additional
case two negative effects arise. Firstly, the rédodn the thrusts and then new stresses in the brick.

crossing surface dimension causes a stress inciredke

Load ascent by friction

(l) 3) ' ( ;)
(A @ .
'j || | ) | .
I 1 -
| I I Shfelch
A
E E /_‘2{ 9=friction angle
Tension flux in the masonry panel @ \ /
1
=
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Fig. 4. Friction mechanism

Figures 5 and 6 show models for the adhesion consistency. Bricks and mortar fulfil these requiemts

mechanism that is defined as the penetration ohtenal thanks to the porosity of the first one and thélfty of the
into a different one. To activate this mechanismisit second one during casting. Figures 5 and 6 showakes
necessary that at least one of the two materialghe of vertical and inclined ascent.

penetration phase, has different granulometry and

VVertical ascent by adhesion il (2)LP at the
T aear interface
@ 2 (detail)

(l) (l) . ;3 T 1ﬁF++}
PNttt %e/ 745 i

Interface \
o
-

tension flux
Py e e ¢%Fi
Fig. 5. Adhesion mechanism: vertical ascent
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Inclhned ascent by adhesion

Ni (2)LP at the
Mortar interface
(detall)

i O ki W

Fig. 6. Adhesion mechanism: inclined ascent

Regarding the model in figure 5, it is worth notit
while the thrust$4") can find equilibrium by a direct path
in compression, the thrustsl"” (applied in the top
deviation nodes) have to find equilibrium in theusture
because they cannot cross the hollow by a pagnisidn.

In the model of the inclined ascent (Fig. §)has to

deviate to enter the hollow by a path in compressio

further deviations are necessary in the mortar akenfr;
return to the original path. It is worth noting tha
differently from the vertical ascent model, in tlesse the
travelling load applies thrusts in the mortar, iie.the
'weakest' element of the masonry wall.
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The two adhesion models clearly show the localkstre
increase at the brick-mortar interface caused by th
deviation of the load paths, by the concentratibrthe
paths and by the generation of further thrusts.

After the definition of the elementary mechanisins,
figures 7 and 8 some models of the mortar-bricktjoi
crossing are proposed. These models show thatybecd
the generally unlikelihood to have two facing deots
hollows, the travelling load has to undergo deuizadi
inside the mortar joint (in order to pass from krim
mortar and vice versa by using a compression path),
stressing the mortar itself by tension paths.

N (1) - Joint crossing by adhesion (detail)
Inchned ascent by A Brck 1€
adhesion
-~
T «—
e “
s e LR, -
H=Sms e
iy e
i
Brick i
NN,
Fig. 7. Inclined crossing of the horizontal joint by adieesmechanism
Inclined ascent by Ni (1) - Jont crossing by friction (detail)
friction w
> e
Fiy SN
Brick

Fig. 8. Inclined crossing of the vertical joint by fricianechanism
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The model effectively highlights both the role of
connection performed by the mortar and the neges$it
this material to have a sufficient tensile strendthe use
of low strength mortar causes a huge decrease ef th
resistance of the whole masonry wall to the meetion
ascent paths. It follows that particular attenti@as to be
paid to this aspects because these fluxes are due t
foundation settlements as well as to seismic astion

4. Behaviour of a Masonry Panel Subjected to
Foundation Settlements

Some macro-models performed by the Load Path
Method which show the interpretation of the struztu
behaviour of a masonry wall subjected to foundation
settlements due to landslide are presented in this
paragraph.

The following assumptions have to be made:

« settlement is only due to the landslide movemeént; i
does not depend on the loads acting on the masaty

e masses are concentrated;

« the masonry wall is infinitely stiff respect to the
foundation soill;

e a perfectly plastic constitutive law at the ultieat
limit state has been hypothesised for the soil.

Despite these assumptions, that benefit the siityplic
of the analysis, the method has general validity.

Figure 9 [26] shows the structure at thate 1 (static
equilibrium before the soil settlement). In thisatet
because of the simplicity of the model, there andy o
descending loads and, in this macro-model, theeenar
deviations of the travelling loads. Actually, a noiscopic
analysis would show that travelling loads have ¢wiate
in order to cross the brick-mortar interface [20].

Fa

]

o

1‘1

= )l

F\l :FZ Fnlr

_..,_._._._

(R A TR AT A TR
Fi i Fn

2 i

Fig. 9. State 1: static equilibrium condition befaohe soil
settlement

In figures 10-13 ([20], [26]), four different anadgsible
(i.e. in equilibrium) load paths at thetate 2 (after soll
settlement), for the case of a settlement thatlresthe
lateral part of a masonry wall (lateral settlerhent
hereafter), are represented (i.e. the so-calledgihg'
condition); moreover in figures 10 and 11, the ctatg
strut-and-tie models, obtained from the above meeti
load paths, are shown. The settlement has beenllewde
as a complete loss of contact between the soittandight

bottom side of the masonry wall.

Such loss of contact at the soil-wall interface sesu
the interruption of some load paths of thate 1, the
relevant modification of the interrupted paths atme
modification of other paths in order to restore bglb
equilibrium. It is worth noting that, differentlydm what
shown in figures 10-13, the componeftsshould divide
themselves into parts which should follow differgyatths
in order to minimise the total strain energy of slystem.

Nonetheless, a simplified sketch, representing the
whole load which follows a chosen morphology ofhpat
has been reported in the figures. Such assumptiems in
fact to be very useful for immediately catching the
‘dominant path' (i.e. the one followed by a larget pf the
total load) in order to enlighten the failure metken and
the relevant crack pattern.

The models in figures 10-13 make easily catch the
effects of the soil settlement on the structure:

* because of equilibrium conditions, soil pressure
diagram in state 2 is different from that ofstate 1,
moreover, because of the adopted assumptions, soil
pressure is nil on an area symmetrical to the bat has
undergone the settlement;

» paths in tension arise in the masonry wall;

* load deviations generate thrusts that can find
equilibrium by paths in tension and in compression.

From the visual analysis of the paths in figuresl 30
it can be deduced that combining thB(1) with LP(3)
there should be a saving in the strain energy, vatipect
to the shown paths, due to the absence of a tpaiktin
the middle of the panel. Hence it is possible tooiuce a
new load pathL(P(5); Fig. 14; [26]) in which half of the
load followsLP(1) and the other half followlsP(3).

In a similar way, in figures 15-19 four differenbca
possible (i.e. in equilibrium) load paths at #ate 2 (after
soil settlement), for the case of a settlement imatblves
the central part of a masonry wall (‘central setdat'
hereafter), are represented (i.e. the so-calledgisg
condition).

In figures 10-19 possible (i.e. in equilibrium) tba
paths for the cases of both lateral and centralessdnt
are shown. As above discussed, only one path respiec
equilibrium conditions and, at the same time, mis@s
the total strain energy of the structural systenor F
complicated systems, the solution (i.e. the ideaifon of
this path) can be found either by FEM analysis gr b
optimisation algorithms (e.g. [27], [28]). Thereeamany
cases in which the search of the 'most plausibltiso’
instead of the exact solution could be very us@dg. for
the diagnosis of a crack pattern). The 'most pidesi
solution' is the path to which, among different igqrated
load paths, is associated the lowest value ofdta strain
energy. This approach can be carried out by vanplsi
mathematical methods and, in many cases, seemeg to b
very useful because it is able to immediately catod
‘dominant path' (i.e. the one followed by the migjoof
the total load) in order to highlight, immediateand
easily, the failure mechanism and the relevant kcrac
pattern.
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Fig. 10. Settlement that involves the lateral part of aonag wall. State 2: Load Path LP(1)
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Fig. 11. Settlement that involves the lateral part of aonag wall. State 2: Load Path LP(2)
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Fig. 13. Settlement that involves the lateral part of aonag wall. State 2: Load Path LP(4)
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Fig. 14. Settlement that involves the lateral part of aonag wall. State 2: Load Path LP(5); combinatiol.B{1) with LP(3)
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In the following, according to this simplified amach, e masonry is treated as a homogeneous material;
the energetic analysis of the paths drawn in figure-14 + the masonry wall is loaded by a uniform
is discussed. The masonry wall is consideredaie 2 (i.e. gravitational volume load.
after the soil settlement but_ before cracking). _ Due to symmetry conditions, the analysis can be
In an orthogonal Cartesian syst&®Y (whereX is the referred only to half panel. It is worth noting ththanks
horizontal axisy is the vertical axis an@ is the origin in to the above-listed assumptions, the load path is
the middle of the base of the masonry wall; Figs.ad symmetrical even though the settlement involvey omie
21) the following assumptions have been made: side of the panel.

« the masonry wall is geometrically symmetrical and
symmetrically loaded;
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< panel.
Xz [ x;] Xa , Xa I Xa]Xal)(a]Xa , Xa 1 Xa In the following, as an example, the calculus of th
—_ = - . strain energy ot P(1) is shown; an analogous procedure
e can be used to calculate strain energy in the athess.
I T R E T R The following parameters have been used in the
F 5 3 3 0 8 8§ 3 analysis (Fig. 21):
T T T T * Aspj andAyy; are the top and the bottom transversal
WFabes o 5 aF § Fab area of the" strut;
LAt it b ol b i i i T « §is the inclination of th&" inclined strut;
i | ] 1 | 1 ] 1 | 1 | | . o ﬂlibl . .
i \I/ Y Y Y Y Y Y Y Y A is the transversal area of ertical strut;
i S IT IR E B EREEEE RN » & defines the position, along thedirection, of the
i :\i/:\if:vt\if:\/:\i/:\i/z\/:\i/ load deviation nodes at the top of the wall;
MAGURCAURCRURIRCAL b2 g
. : L : L : Ly : L : L : _ S « G, andC; are the width (assumed constant) of the
Qi b ! Lol | : X top and of the bottom longitudinal chord.
[ S S A B [ I | Strain energy has been calculated by using equsafipn
| :
i . i | 3 and 4.
|r_|”gmm Tmmmrzmmmmmmu | The strain energy of the inclined ascent and of the
iz i vertical descent is equal to
b i
W N7, Api
Fig. 20. State 1: parameters to calculate total strainggner D, = Z i Ln| =X (6)
2Ec i=1 (AEupj - Ainﬁ) Ainfi
2
| a a a a a a a a 2 2 - n F
IX]X xlx!x!xlxlx!x]x] DIE::l,J)_:H 552(|) (7)
S S S S 3 2E, T A
O I &
} ) N\ J NN respectively, where
R R N X 1‘ ‘ : .
| ! Nl * | ! \ I F
R e R N =g ®
&:‘ wa. A ‘W‘FWIFW SII']Hi
| 2 E i 3 3 3 n—li n - I B h 9
IR e :
{1yl I AR | |
Il L | L | = 2h|]l
Qf o~———— >X 6 =tan 1[—} (20)
: | |- | 'OH (2l _1)
M |
(ATATATRIRTATATAL ST : The strain energy of the top and bottom longitudina
ECIC N I B I chord is equal to
XbIXbIXbIXlebIXbIXbIXbIXb[Xb Ph I
b | 2
a1 W <[y F
Fig. 21. Settlement that involves the lateral part of aonag DEPlp) 2 [SIT Z(z tand J (11)
wall. State 2: parameters to calculate total steaiergy of LP(1) Ec s j=\i
2
n (i
The following parameters have been consideredhier t ngfl) —_ z z F (12)
masonry wall: 2E, [S[Cl o\ o tand
e His the total height of the wall;
. B; 2bis th_e length of the wall; respectively, where
e Sis the thickness (constant) of the wall;
* a=pMH is the length of the soil settlement; >hTh
e yis the unit weight of the wall (i.e. the only load 6= tan® [—} (13)
applied at the wall); pH(2i -1)
 arEJE; is the ratio of the compression Young's
Modulus of the wall to the tension one; Finally the total strain energy aP(1) is
¢ X, andx, are the mesh width in th¢ direction of
the panel and of the reactive soil respectively; Dt = p®» + DM 4+ D& 4 D @D (14)
¢ nis the mesh number of the semi-lengttof the Tor s th P al
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To compare the results it is useful to introduce a

‘reference strain energPgrer that is the strain energy
invested by the total load of half wall to reache th
foundation soil by a vertical direct path in conmgsien
(i.e. that invested adtate 1 in Fig. 20). In the examined
case the reference strain energy is

_SopH°
DREF - 4E

C

(15)

In figures 22 and 23 the ratiDor/Drer has been
plotted for wequal to 1 and 3 respectively. To plot these
diagrams, the following assumptions have been made:

e H=6m;

100

e B=18m=b=9m;

* n=10;

» for LP(1), LP(2) andLP(4) the axis of the top chord
is H/10 distant from the top edge of the panel;

o for LP(2), LP(3) andLP(4) the axis of the bottom
chord isH/10 distant from the bottom edge of the panel;

» the width of the longitudinal chords has been
assumed as the maximum value consistent with their
positions without causing superimposition of therds.

The normalised rati®o1/Drer quantifies the increase
of strain energy in the panel due to settlement ginds
the opportunity to immediately catch which is theost
plausible path' (i.e. the one with the minimum eabf the
total strain energy).

90 1 -

-&-LP@) --&-LP@) —X—LP() |-

DtoT/DREF

Fig. 22. Settlement that involves the lateral part of aonag wall. Dyo1/Drerin the case o= 1

200

180 -| W LP(Q)  —-e---LP(2)

-k-LP@) --e-LP@) —X%—LP() |-

160 -

——d_

140 1

120

DToT/DREF
=
o
o

(o]
o
I

Fig. 23. Settlement that involves the lateral part of aonag wall. D1o1/Drer in the case ofv= 3

It is worth noting that in all the cases showedignres
22 and 23LP(5) is the 'most plausible solution'. This is a
direct consequence of the above-mentioned considera
about the saving in the strain energy of this lpath due
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to the elimination of the thrust path in the middiethe
panel.

The same approach can be used for the case ofkentr
settlement. In figures 24 and 25 the normalisedo rat
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Dto1/Drer has been plotted fow equal to 1 and 3
respectively. This ratio has been evaluated for ghths
drawn in figures 15-19 with the same assumptionthef
lateral settlement.

LP(5) is the 'most plausible solution' f@rlower than

1.2 whereas, forp higher than 1.2, the 'most plausible
solution' isLP(2). It is worth noting that foew= 1, if pis
very low (0.2), the normalised strain energy ratio of
LP(3) is almost equal to that &P(5).

100 T
9% WﬁJ ---m-- LP(1) --&--LP(2) --&4-LP(3) ----LP(4) —X—LP(5 ‘777
| | | | | | | | R
L e S R AR
| | | | | | | | [
(0 e e e e e e e R e T e B
| | | | | | | | 14 |
| | | | | | | | .
" 60”"’\’”’\"”\""\""\””\’”’\””\”7"\”7%””
o | | | | | | | | /,’ | |
4 L _____Jd___a_ 2o oo
.Q_ 50 | | | | | | | 1,7 . A
o | | | | | | | g m A
[a) 40W***‘P***:****:**ff‘fff7177f*‘f777‘77747744*/*4‘****
| | | | 2 |
r I I | N
| | |
| | | |
! -
|
|

DtoT1/DREF
[
o
o

e ]
o
L

40

20 1

0 ’ T T
0.0 0.2 0.4 0.6 0.8 1.0

1.2 14 1.6 18 2.0 2.2

Fig. 25. Settlement that involves the central part of aonaswall. Dro1/Dgrer in the case ofo = 3

As told at the end of paragraph 1, the proposed

approach is not aimed at quantifying the ultimapacity

of masonry walls when subjected to landslide moveme
but it is aimed at showing the effectiveness of ltload
Path Method for the prediction of structural bebavi In
this scenario simplified assumptions (e.g. calcolustrain
energy in the elastic conditions) seem to be exhem
effective.

5. Validation of the Results by Using the Beso
Method

In this paragraph the results obtained by the LR#& a
validated by using an evolutionary optimization gedure.

Shape optimization is a method that enables designe
to find a suitable structural layout for the reedir

performances. The ‘Evolutionary Structural Optintiza’
(ESO) method was first proposed by Xie and Stea&j [
in the early 1990s and it has been used to solaiaty of
size and shape optimization problems. The basicen
of such a method is that by slowly removing inedfit
materials, the structure evolves towards an optimuhe
validity of the ESO method depends, to a large rexien
the assumptions that the structural modification
(evolution) at each step is small and the meshhieffinite
element analysis is dense. If too much materieg¢msoved

in one step, the ESO method is unable to restoee th
elements which might have been prematurely deleted
earlier iterations. In order to make the ESO methnmte
robust, a Bi-directional ESO method (BESO) was
proposed by Yang et al. [30]. It allows for efficte
materials to be added to the structure at the saneas
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the inefficient ones are being removed. For furtthetails
concerning the BESO algorithm used in the analyses
presented in this article see [31].

In order to assist the selection of optimal shdpeshe
minimum-weight design of continuum structures with
stiffness constraints, the performance of the tiesyl
shape at each iteration can be evaluated by arRerfce
IndexPI defined as:

- CW%

Pl =%
CW,

(16)

whereW, is the actual weight of the initial domaiGy
is the strain energy of the initial design undex #pplied
loads, whileW, and C; are the same quantities of the
current design at theth iteration. It follows that to the
optimal configuration will correspond the high&t

5.1. Application of the BESO method to a wall subjected to
lateral and central settlement

In the following, the application of the BESO medho
(according to paragraph 5) to the cases shownragpaph
4 is presented. As previously said the aim is te te
BESO method to validate the results obtained bygutie
Load Path Method.

The wall has the same dimensions of that desciitved
paragraph 4. The thickness of the wall is 0.30 m.

The numerical analyses have been performed usieng th
Finite Element code ABAQUS 6.7-EF1 [32]. The domain
has been subdivided into a regular mesh (0.2 @1 m)
using the linear quadrilateral (type CPS4) finitengent.
The applied load is only the unit weight of the wak 12
kN/m®. Only regarding the applied load, the wall hasrbee
divided into ten vertical strips. The uniform ajuliload
has been transformed in ten point loads appliedhé
centroids of the vertical strips.

The compression Young's modulus of the wal) @nd
the Poisson's ratio have been assumed equal to M@0
and 0.25 respectively.

The assumed values ¢fand E; are consistent with
Table C8A.2.1 of [33] for brick walls whereas thelue of
the Poisson's ratio is consistent with [34].

Only the cases witw= 1 have been analysed.

The bottom part of the wall, in the zone not sutgdc
to settlement, is restrained by elastic verticalings in
order to simulate a Winkler soil. The stiffness thie
springs is equal to 10 kN/m in order to have a tamissoll
pressure distribution (as in paragraph 4).

The central node of the bottom of the wall is
horizontally fixed. It has been checked that thare no
analyses in which this node is removed.

The BESO3D software adopted for the analyses is
developed and provided by ‘Innovative Structuresu@t,
RMIT University, Australia (www.isg.rmit.edu.au).

The BESO parameters dE& = 0.5%,AR 1 = 1%, Min
= 0.3 m (three times the size of one element) mnd.1%.

Both the cases of lateral and central settlemewé ha
been analysed. For the first case analysepfor0.3,0 =
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0.6 andp = 0.9 have been performed. For the central
settlement analyses for= 0.3,0=0.6,0=0.9,0=1.2,0
= 1.5,p= 1.8 have been performed.

Figures 26-34 show the evolutionary history of Bie
and the optimal topology. For each case the maximum
value Pl of the performance index as well as the
corresponding valug; of the volume fraction of the initial
domain are indicated.

Figures 26-28 regard the case of the settlemertt tha
involves the lateral part of the wall while figur@9-34
refer to the case of the settlement that involtresaentral
part of the wall.

Regarding the lateral settlement, in all cases wunde
study (Figs. 26-28), BESO results show that loadated
either above the settlement area or close to tleatfallow
a path similar ta.P(5) in Figure 14.

A difference can be noted for the other loads.dct,f
for p equal to 0.3 or 0.6 (Figs. 26 and 27) the othad$o
follow a direct compression path generating an tamtil
compression longitudinal chord in the middle of thell
(i.e. LP(3) of Fig. 12). According to the LPM, this is a
direct consequence of the circumstance thatpfequal to
0.3 or 0.6, these loads, undergoing a slight diewiat
generate thrusts very low in value. It follows tts strain
energy of the middle longitudinal chord has to keyMow
too. This is the reason why, in this scenario, lideo to
save strain energy, the travelling loads prefeoliow the
shortest path (i.e. the direct compression one).

On the other side, fgw = 0.9 (Fig. 28), loads which are
not close to the area involved by the settlementetgo
not negligible deviations and hence follow a pathilar
to LP(5) in figure 14 in order to save strain energy (i.e.
that associated to the middle longitudinal chord).

With respect to the central settlement, if it isywsmall
(i.e. p = 0.3; Fig. 29), loads follow a direct compression
path like that ofLP(3) in figure 17. For larger settlement
(Figs. 30-34), loads either above or close to theaa
involved by the settlement follow a path similarltB(5)
in figure 19, whereas the other loads follow a dire
compression path like that &P(3) in figure 17. It has to
be highlighted that, for very large settlement. (be= 1.8;
Fig. 34), most of the loads above the settlemeemst
follow a path similar to that dfP(2) (Fig. 16).

It is worth noting that foro = 0.6 (Figs. 30-34) and
regarding loads either above or close to the arealved
by the settlement, the descending path from thedgpe
bottom of the wall, sometimes tends to be diagdikal
that of LP(2) in figure 16. According to the LPM, this
circumstance can be justified as the activatiorthef so-
called 'arch-behaviour' ([22], [27], [28]).

From the comparison between these results and those
presented in paragraph 4, it can be noted that, negpect
to loads either above or close to the area of ¢ittement,
the LPM approach essentially gives the same reaslthe
BESO approach. This means that, as suggested by
Mezzina et al. ([27], [28]), because of the timeded to
perform BESO analyses, this evolutionary optimaati
procedure can be used as optional (e.g. for congaegs)
in order to validate (e.g. only for limited part$ the
structure under study) the results obtained by gusire
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Load Path Method.

Fig. 26. Settlement that involves the lateral part of aonag wall. BESO analysis. Optimal shaf ¢, = 1.29;V; = 61%; red =
compression; blue = tension) in the casevef 1 andpo = 0.3

Fig. 27. Settlement that involves the lateral part of aonag wall. BESO analysis. Optimal shaj(,=1.30;V; = 62%; red =
compression; blue = tension) in the casevsf1 ando= 0.6

Fig. 28. Settlement that involves the lateral part of aonag wall. BESO analysis. Optimal shaj(,=1.25;V; = 77%; red =
compression; blue = tension) in the casevef 1 ando= 0.9

Fig. 29. Settlement that involves the central part of aonaswall. BESO analysis. Optimal shap(,=1.58;V; = 40%; red =
compression; blue = tension) in the casevef1 ando= 0.3
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Fig. 30. Settlement that involves the central part of aonaswall. BESO analysis. Optimal shap(,=1.37;V; = 55%; red =

compression; blue = tension) in the casevef 1 ando = 0.6

Fig. 31. Settlement that involves the central part of a maswall. BESO analysis. Optimal shap# {,,=1.14;V; = 77%; red =

compression; blue = tension) in the casevef1 ando= 0.9

Fig. 32. Settlement that involves the central part of aonaswall. BESO analysis. Optimal shap(,=1.13;V; = 86%; red =

compression; blue = tension) in the casevef1 andpo= 1.2

Fig. 33. Settlement that involves the central part of aonagwall. BESO analysis. Optimal shap#(,=1.14;V; = 83%; red =

compression; blue = tension) in the casevef1 ando=1.5
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Fig. 34. Settlement that involves the central part of aonaswall. BESO analysis. Optimal shap(,=1.13;V; = 83%; red =
compression; blue = tension) in the casevef 1 andpo= 1.8

6. An Application of the Load Path Method to the
Diagnosisof Crack Patterns

One of the main difficulties, when dealing with
landslide structural vulnerability, is the possilil to
individuate the causes of assessed cracks. Modségiton
classical structural mechanics are often diffidoltapply
especially when there is the necessity to perforrapad
vulnerability assessment at the territorial scale.

This paragraph aims to show that the Load Path
Method, thanks to its versatility, can be also @ffe in
the diagnosis of crack patterns of masonry strestuue
to landslide movements.

The proposed approach starts from the consideration
that a structure, during its life, undergoes sdvera
‘evolutions'. The whole process can be brought batke
sequence of a limited number of instantaneous
‘configurations' (i.e 'States'), each one caused byecific
'State Transformation'. Structural behaviour anslgsn
be reduced to the verification of those configuragi and
of the relevant transformations [35].

If dealing with masonry structure the following tst
can be defined:

« Sate O: the structure is not stressed.

e Sate 1: the structure is stressed but there are no
cracks.

e State 2: first cracks appear.

e State 2a: cracks become larger and new cracks
appear (i.e. crack evolution state).

e Sate 3: ultimate limit state. The structure is heavily
damaged with no residual strength and stiffness the
structure is not capable of sustaining further &)ad

In this paragraph an example of the applicatiorthef

interpretation of crack patterns by using the LRMhowed.

Models in paragraph 4 have demonstrated that two
main categories of tensile flux can be defined masonry
wall subjected to a lateral settlement: diagonald an
longitudinal. This means that two main crack patecan
be defined: one due to the diagonal tensile flugd #re
other due to the longitudinal tensile flux.

Obviously, it is also possible to find more thaneon
crack pattern type in a masonry wall; it dependstlon
‘evolution’ that the wall has undergone fr8ate to State.

In figure 35 a model of the generation of an arch-
shaped crack (Fig. 36) is shown.

According to models presented in paragraph 4, after
the soil settlementSate 1a) part of the loads follow an
inclined ascent path (Fig. 35a) in order to findnew
equilibrated configuration. When the stress in melined
path in tension reaches the tensile strength ofrtasonry
wall (State 2), the first crack is generated (Fig. 35b). The
consequent bypass of this crack generates a coatient
of tensile stresses around the fissure (becaudss,lda
order to minimise strain energy, tend to follow éD
paths) that causes the extension of the crack ujisto
stabilisation (end o8tate 2a; Fig. 35c). In such phase, the
part of the masonry panel underneath the cracls faghin
the contact with the soil and, consequently, relevaads
restart to follow a path similar to that 8fate 1. On the
other side, loads above the crack are now obligaddve
out of the crack and then can cause further cratkbe
top of the masonry wall.

It is worth noting that the exact shape of thelfgrack
depends on geometry, load distribution and positibthe
first cracks. Sometimes the arch-shaped crack can
degenerate into a diagonal crack (Fig. 37).
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Fig. 36. Half arch-shaped crack on a buil

ding in Pietraraoatvino (Puglia, Italy)

Fig. 37. Diagonal crack on a building in Bovino (Puglia)yja

7. Conclusions

According to data presented in October 2011 at the
Second World Landslide Forum (Rome, Italy), damages
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caused by landslides in the most industrialisechtgun
the world are worth more than € 6 milliard annualiyis
is the reason why a methodology to reduce landsigtteis
needed.

Following Roca et al. [8], who sustain simple metho
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based on fundamental principles (e.g. limit thewenf
plasticity) as still crucial to catch on the primaspects of
the structural response, this article has been tddvto
demonstrate the effectiveness of the Load Path ddeih
the interpretation of the behaviour of masonry dinis
subjected to foundation settlements due to laneslid

Models useful for understanding brick-mortar irded
behaviour as well as the global one have been teghor
The global proposed approach has been also validste
using Bi-directional Evolutionary Structural Optiration
method.

One of the main difficulties, when dealing with
landslide structural vulnerability, is the diagreosf the
causes of the crack pattern. This is also due ® th
excessive complexity of models based on classical
structural mechanics, that makes them inappropriate
especially when there is the necessity to perforrapad
vulnerability assessment at the territorial sc@lgs is the
reason why a new approach, based on a simple ricelel
the Load Path Method), has been here proposedhéor t
diagnosis of crack patterns of masonry structunegested
to landslide movements. The effectiveness of thadLo
Path Method has been demonstrated for a case study.

In the article it has been shown that the load path
method can be a versatile and effective instrunestudy
masonry structures because it seems to conciliate
successfully the necessity to get a numerical wwut
without losing touch with the perception of the thesis
of physical structural behaviour.

Further theoretical work is needed in order to gfian
the ultimate capacity of masonry walls in the above
mentioned conditions. Nonlinear and anisotropic
behaviour should be implemented in the method and
comparison of the results with those of laboratests is
needed.

Acknowledgements: The study presented in this article
was funded by the Puglia Region (ltaly) under the
Strategic Research Project n. 119 ‘Landslide risk
assessment for the planning of small centres Idcate
chain areas: the case of the Daunia region’ (), [

Notations

A transversal area of thi side of a load path

A top transversal area of tiRstrut

Airti bottom transversal area of tifestrut

b semi-length of a wall

B length of a wall

BESO Bi-directional Evolutionary Structural
Optimization

Co strain energy of the initial design under the
applied loads

C width of the bottom longitudinal chord or strain
energy the current design at thth iteration in the BESO
analysis

Cs width of the top and of the bottom longitudinal
chord

path

Drer reference strain energy

E end of a load path

E. compression Young's Modulus of the wall

E. tension Young's Modulus of the wall

F travelling load

h H/2-&

H thrust of a travelling load or total height of allv

[ generic side of a load path
l; length of the sideof a load path

n mesh number of the semi-lendilof the wall

N; intensity of the vector that bears the travelling
load on the sideof a load path

LPM  Load Path Method

PI Performance Index

S start of a load path or thickness of a wall

STM  Strut-and-Tie Model

\Y, integration domain

W, actual weight of the domain at th¢h iteration
W, actual weight of the initial domain

Xa mesh width of the wall in th& direction of the
panel

Xo mesh width the reactive soil in tiXedirection

a length of the soil settlement

position, along theY direction, of the load
deviation nodes at the top of the wall

€ strain vector
& mean strain on the sidef a load path
w ratio of the compression Young's Modulus of the

wall to the tension one
stress vector

8 inclination of the' strut
unit weight of the wall
Yo, ratio of the soil settlement to the height of the
wall
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