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ABSTRACT:

The performance of masonry walls reinforced usiolymeric grid embedded into plaster layessaatools fc
the seismic enhancement of brick masonry buildmgs been investigated by experimental tests. Thetseo
the experimental campaigns are summarised andssiedun the paper. Based on the experimental ddtara
the results of numerical simulatignsimplified models to be used as tools for theigfe®f the retrofittin
intervention are proposed. The models properly idensthe so called “first” and “second” colla)
mechanisms as well as the grid effect in the eimiuf the above mentioned mechanisms.
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1 INTRODUCTION

Retrofitting techniques based on the reinforcenaémlaster layers in masonry buildings cannot besaered
as novel: as a matter of a fact, starting from'7i®s, masonry buildings have been strengthenedyysasters
reinforced with steel grids. This method has beéaely used, for instance, in Italy for the rehéhiiion of
constructions after the 1976 Friuli earthquake #nsl still applied, even if often criticised foose intrinsic
contraindications and limitations mainly relatedit® actual efficiency and durability. More recentbther
plaster reinforcements have been proposed in titexaand are available on the market, like thosegukght

carbon grids included into thin cement plaster dgy®olymeric reinforcements could also be employed
retrofitting tool in the seismic upgrading of masomuildings and could represent an alternativeofiting

system able of overcoming some deficiencies ofdifer reinforcement systems (i.e. corrosion of steel)
while being more effective in terms of costs-bdsafatio.

2 SEISMIC BEHAVIOUR OF MASONRY BUILDINGS

Notwithstanding masonry buildings usually represir@ simplest constructions configuration and nexja
very poor constructive technology, their seismihdeour show elements of complexity greater thawséh
typical of new structural configurations associatedhe modern materials, like steel and reinforcedcrete
frames. In masonry constructions, the ordinarycstinal configuration consists of a three-dimensi@assembly
of mass-distributed plane elements that are chensetl by a twofold behaviour when horizontal ileeforces
are induced by earthquake attacks. The forcesiplne of the panels, combined with those exdryeertical
loads, induce a membrane behaviour with in-plamenaband shear stresses, while the actions orttedgorthe
panel induce a plate behaviour with out-of-planedieg and shear. The stress status in the menmdeosriplex
and strongly influenced by the in-plane deformatbrthe element and by its interaction with theghiouring
elements. Masonry is indeed a composite materialsebehaviour depends on the macroscopic mechanical
characteristics: tensile and compressive strergdfistic and shear modulus. The tensile strengpnastically
null; this can easily induce cracks on the surfatdgected to tension, causing a subdivision ofptreels into
separate portions that can transform sectionseobtiiding in kinematisms, so that each rigid mortcan move
with respect to the other till the structure’s aplte. Such mechanisms can develop in the plame gianels as
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well as orthogonally, giving rise, respectively,the so called “first” and “second mode” collapsecimanisms

(Giuffré, 1990). Furthermore, the texture of thesorary, associated with the dimensions and the araton of

the blocks, can induce other behaviours charaetétiy the loss of integrity of the structural elaisethat can

collapse for the breaking of the internal links augdhe blocks.

The seismic behaviour of a masonry building depeadsthree fundamental performance issues to be

guaranteed:

— the preservation of the global integrity, with reparation into macro-elements, thus allowing faoz-like
behaviour with a redistribution of the horizontatdes among all the resisting elements;

— the capability of all the members to resist theedsrinduced by the seismic actions, i.e. the cépabf
sustaining the induced forces without reachinguitimmate displacement;

— the capability of the panels not to develop cokapmechanisms associated to the evolution of the
kinematisms and the loss of integrity.

3 SYSTEM DESCRIPTION

The retrofitting system presented in this paperssis in the insertion of a polymer grid embedd#d a thin
lime based mortar plaster. The grid is the “RidBmd RG TX” one, a stiff monolithic polymer grid ti
integral junctions, characterised by an isometeorgetry resulting in apertures of equilateral glaa. Figure 1
shows the grid and its installation.

_,u.l_l =

(a) grid (b) ins?llatioﬁtfne gri (c) plastering

Figure 1 Characteristics of grid and its instadiati

The basic underlying idea in the use of polymerid ¢ that it could improve the performance of thasonry
by increasing its strength and its ductility

4 EXPERIMENTAL ACTIVITIES

A pre-requisite for the use of the proposed retin§ technique is the assessment of the effectiserf plaster
reinforcement as strengthening tool. A series sistemainly aimed at evaluating the actual infleeatthe grid
in the mechanical behaviour of the reinforced el@meith particular attention to its response te korizontal
actions, were carried out. Four testing campaigash one including one or more series of testse wiemned
and executed; they consisted in:

— diagonal compression tests on 18 brick masonryrequaanels;

— shear compression tests on 12 brick masonry red@nganels;

— out-of-plane (stability) tests on 12 brick masolamge panels;

— out-of-plane (stability) tests on 4, previously @éegad, repaired panels.

A detailed description of the tests is given in f@vieet al., 2006) and (Dusi et al., 2007a); for esaif
conciseness, in the following Tables 1, 2, 3 and 4ummary of the tested panels characteristicspisrted
along with some comments on the main outcomes.
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Table 1 Characteristics of panels subjected tootialgcompression tests

Group Number of panels Panel's ID Plaster Grid
1 3 #1, #2, #3 No No
2 3 #4, #5, #6 Yes No
3 3 H#7, #8, #9 Yes One side
4 3 #10, #11, #12 Yes Both sides
5 3 #13, #14, #15 Yes Both sides
6 3 #16, #17, #18 Yes Both sides

Table 2 Characteristics of panels subjected torst@mapression tests
Compression stress

Group Number of panels Panel ID Plaster Grid [MPa]
1 2 #1, #2 No No 0.50
2 #3, #4 No No 0.75
> 2 #5, #6 Yes No 0.50
2 #7, #8 Yes No 0.75
3 2 #9, #10 Yes Both sides 0.50
2 #11, #12 Yes Both sides 0.75
Table 3 Characteristics of panels subjected tmbptane tests
Panel ID Plaster Grid Panel ID Plaster Grid
F1 Both sides No F7 No Tension side
F2 Both sides No F8 No Tension side
F3 No No F9 No Tension side
F4 No No F10 No Compression side
F5 Both sides Tension side F11 Both sides Tension side overlap
F6 Both sides Tension side F12 Both sides Tension side overlap

Table 4 Characteristics of repaired panels suljegaeut-of-plane tests

Panel ID Plaster Grid
R1 Both sides Both sides
R2 Both sides Tension side
R3 Both sides Both sides
R4 Both sides Tension side

4.1 Effects of the grid reinforcement

Diagonal compression tests, carried out accordmmghe ASTM standard (American Society for Testing
Materials, 1981), showed that the ultimate deforomadf reinforced panels was increased by a famt@ to 3,
thus indicating that the grid’'s presence adds atipescontribution the global ductility of the mawy wall.
Conversely, no significant strength increment wesid.

The results from shear-compression tests basicaltyirmed those from the diagonal-compression t&ste
comparative observation of the unreinforced andfoeced panels’ conditions at failure, though pnese
similar modalities, showed very "clean" cracks Oiagjly orientated in the unreinforced panel, whtlse
reinforced panels were characterised by widespressl of cracks; this suggests that the reinforcauels’
collapse requires the formation of a large numidefadure surfaces and, therefore, an higher valti¢he
ultimate strength. The shear-compression testscalsfirmed the positive effect of the grid on thectlity of
the panels as well as a significant energy dissipatapacity given by the grid. A non-negligibleieament of
the maximum resistant shear force was found.

The stability tests clearly demonstrated the posigffects of the grid reinforcement on all thengigant
mechanical parameters of the panels, i.e. ultinhadd, ultimate displacement and energy dissipatidme
distribution of the crack patterns, already obserire shear compression tests, put again into evmléhe
beneficial contribution of the grid, related to timigation of the damage peak and to the incréasmergy
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dissipation due to the spreading of the damageabailéhe analysis of the experimental data alsarcoed the
expected beneficial effects of the grid on the ayplane behaviour of the panel, proven by a sigaift
enhancement of the resistance against the colfapskanisms.

5 EVALUATION OF THE GLOBAL SEISMIC ENHANCEMENT
The effects of the plaster reinforcement consigtrinncrease of both strength and ductility.
5.1 Strength increase

Different results on the strength increment hawvenbabtained from the different tests carried out.

Diagonal compression tests didn’'t showed signiiciear strength increase of the panels; experahszgults
reported in literature confirm this behaviour (Deckja and Leséak, 2001). On the contrary, from
shear-compression tests some non negligible inereofethe maximum resistant shear force were founud,
with peak effects. The discrepancy can be explayecbnsidering that, besides the different testmoglalities,
diagonal-compression tests were carried out on mmggeanels built with high strength bricks, while the
shear compression tests, use of medium strengtksbwas made. Taking into account that existindgdings
are often made of poor quality masonry, it cantheéed that the polymeric grid reinforced plasteregia shear
strength increase. Such a strength increment eaeftre be assumed in the design, with values mgrigom
1.0 (no increase) up to 1.5 (maximum experimentadifig); a 1.2 value is prudentially suggested bg t
authors.

5.2 Ductility increase

The increment in the ductility capacity, given I toresence of polymeric grid, is a constant resfuill the

tests carried out, therefore the fact that thefoetement increases significantly the ductilitypi®ven and must
be considered in the design of the retrofit intatiens. This effect can be directly taken into aosgowhen

nonlinear static or dynamic analyses are carriel fmu which the force-deformation relationship eéch

structural element is explicitly defined. Accorditgthe experimental results, the force-deformat@grams
of the reinforced panels can be characterised byltmate deformation of 0.4% (shear distortionn e

contrary, the maximum distortion of the tested imioeced panels turned out to be approximately 0.2%an

be observed that the ultimate displacements oldtdnoen the tests carried out, are lower than tHosed in

literature for either new and ancient masonry (Amb et al., 1995), (Chiostrini et al., 2000). Tim®re

pronounced plastic behaviour shown in the liteetases could be attributed to the mortar chaisitsrand

to the masonry organization: this aspect will lified by further tests, already planned, on panede with
low quality masonry.

5.3 Modality for seismic check

The increase in ductility of the reinforced masoray well as the strength increase, can be takeractount
within an analysis method for the seismic assesswofdahe building, through the amplification of te&ucture
factorg. Considering, for an existing building, a strenigitrease; (i.e. 1.2) and a ductility increa&g(i.e. 2.0),
an amplificationk; = ks x ky could be assumed by the designer for the struéaater. If, more realistically, an
energy-based correlation between ductility andcstine factor is assumed, the amplification facsogiven by

k (o> +1)-1
Ky =Koty = :q°§ j (5.1)
0%

whereqp is the basic structure factor.
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6 ASSESSMENT BASED ON LOCAL COLLAPSE MECHANISMS

The experimental activities have been supportedthmoretical and numerical investigations aimed at
interpreting, reproducing the results and defirsngable simplified models to be used as tooldHerdesign of
the retrofitting interventions (Dusi et al., 2007b)

As previously said, in the existing masonry buitinpartial collapses for seismic actions often kapp
generally for loss of equilibrium of masonry portso The verification with reference to the in-plazed
out-of-plane collapse mechanisms, is meaningfuly ahla monolithic behaviour of the masonry wall is
guaranteed. Under this assumption, the verificatim be carried out by resorting to the limit as&yof the
equilibrium, according to the kinematic approacasddl on the identification of a collapse mecharasich on
the evaluation of the horizontal force that acevatuch a mechanism. The application of the proposed
verification method presupposes, therefore, thdyaisaof the local mechanisms, deemed significanttfie
construction. These latter can be assumed fronkibg/ledge of the seismic behaviour of similar dmoes,
already damaged from the earthquake, or can beetkby considering the presence of cracks patteuesy if
not directly related to seismic actions. The gyalitthe connections among the walls, the masorggmsation
and texture, the presence of tie-bars, the interactvith other elements of the construction orrieghbouring
buildings must also be considered.

The kinematic approach also allows for the deteatiom of the horizontal force evolution that theusture is
progressively able to withstand meanwhile the meisima evolves. Having defined as the ratio of the
horizontal forces applied to the correspondentsgiei of the structural masses, such an evolution b
represented by a curve @fmultiplier as a function of the displacemehtof a reference point in the system.
The curve, determined up to the annulment of apgbdity of sustaining the horizontal actions= 0), can be
transformed into a capacity curve of an equivakEngle-degree-of-freedom system, for which thematie
displacement capacity of the local mechanism cardéfened and compared to the displacement demand
requested by the seismic action.

For the application of the analysis method, thi¥ahg assumptions are generally made:

— the masonry tensile strength is null;

— absence of sliding among the blocks;

— the masonry compressive strength is infinite.

However, for a more realistic simulation, the fallng parameters shall be considered, even if inmplgied
way:

— the sliding between the blocks, by taking into astdhe friction;

— the connections (even if of limited resistance) agie walls;

— the presence of metallic tie-rods;

— the presence of the polymeric grid within the @asind on the corners;

— the limited compressive strength of the masonrygdnsidering sets of hinges adequately located;

— the presence of multi-leaves walls.

6.1 Linear kinematic analysis

In order to get an evaluation of the horizontalde®anultiplier oo that leads to the activation of the local
mechanism, it is necessary to apply to the rigodtkd composing the kinematic chain the followingés:

— the self weights of the blocks (applied to theintoces of mass);

— the dead and live vertical loads acting on thekspc

— a system of horizontal forces proportional to \eattiloads (if such forces are not transmitted toect

walls);

— other external forces (such as those transmitteddigllic tie-rods);

— other internal forces (such as the actions refatelde connection between blocks and the grid piesge
Assigning a generalized virtual displacement togheeric blockk of the kinematic chain, one can determine,
as a function of the rotation and geometry of tinecsure, the displacements components of appticgipints
of the various forces applied in their respectiireaions. The multiplier, is then obtained by applying the
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Principle of the Virtual Work and equating the watkne by the internal and external forces applethe
system acting through the virtual displacements:

ao(zn: Ré. + Zm:Pj5x,j]_Zn:R5y,i _ZO:Fh5h =L (6.1)
i1 i1 h-1

j=n+l

where:
n is the number of all the forces applied to thaowes blocks of the kinematic chain;
m is the number of forces not directly acting onblhecks, generating horizontal forces on the elémen

of the kinematic chain;
o] is the number of external forces, not associaieddsses, applied to the various blocks;
P; is the vertical force of the generic block;
P is the generic vertical force, not directly apglte the blocks;
oxi Oxj  are the horizontal virtual displacements of thesoof application of the forcd% andp;;
Oy, is the vertical virtual displacement of the p@hiapplication of loadP;;
Fn, on are, respectively, the external force applied bdoak and the displacement of the application point
Ls represents the work of the internal forces.

6.2 Nonlinear kinematic analysis

In order to evaluate the displacement capacithefstructure, up to its collapse, in the considenedhanism,
the horizontal load multipliesi, can be determined not only with reference to tiitéal configuration, but also
to modified configurations of the kinematic chanepresentatives of the evolution of the mechanisi a
defined by the displacemenk of a system’s reference point. The analysis mastcdrried out up to the
configuration corresponding to the annulment of &haultiplier, corresponding to a displacemegd. For any
configuration of the kinematism, the value @f can be determined from Eqn. 6.1, properly rewritby
referring to the modified geometry. The analysis ba carried out with the use of graphic methogisidfining
the system geometry in the different configuratiopsto its collapse, or with analytical-numericatthods, by
considering a set of virtual displacements andtiaa to be progressively updated based on theemsyst
geometry evolution.

If the forces involved are kept constant during kiveematism evolution, the resulting curve is altriasear.
When the progressive variation of the externaldsraith the kinematism evolution is taken into astde.qg.
when considering the elongation of the grid wittive plaster), the curve could be linearized by segs)
evaluating the curve in correspondence to displacésnfor which significant variations happen (igeid
yielding, ultimate deformation of the grid, etc.).

7 OUT OF PLANE COLLAPSE MECHANISM

In the following is reported, for its significanca) example of application of the proposed analggmoach to
out-of-plane collapse mechanism, validated on #sesbof the experimental stability test resultse &halysis is
based on the following assumptions: the collapsehangism consists of an horizontal crack locate@rat
unknown level. The crack divides the masonry pareltwo "rigid" portions, as shown in Figure 2.
Given the virtual rotatiorg; of block 1, the rotatioré, of block 2 can be easily computed. The equilibrium
condition can therefore be derived from the Prilecipf Virtual Works by equating the total work domg the
external and internal forces that are applied ® dbnsidered system along the correspondent vigciabf
motion. The forces doing the work along the syssawirtual displacement are:

— the weight of the lower and upper portioRg andP,

p-dp_X1p p-Zp_lp (7.1)
h X h X
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— the lateral seismic forces related to the self Wgig, andF,, given as a function of the,, multiplier of
the actions that activate the mechanism

F,=a,P, F,=o,P, (7.2)

— the vertical reaction at the top of the wall(including the loads originating from the overhempwalls
and floors);

— the resistant moment of the cracked reinforcediaedt,.,, evaluated considering the grid’s presence.
Mes Can be computed considering the ultimate limitestd the section with the grid in corresponderice o
the stretched edge. The calculation also allowsttier definition of the neutral axis position, which
identifies the axis around which the rotatighslevelop.

az

Figure 2 Out-of-plane collapse of a panel
The displacements of the forces’ application points the rotations of the moment application axes be
easily derived from geometric considerations onkihematism (Figure 2).
From the application of the Principle of Virtual Y4s, it can be obtained:

F1'51x+F2'§2x_Pl'§1y_P2'§2y_v'§vy_Mres'ﬂz:O (73)

from which, by simple substitutions, the value bk iy seismic multiplier of the actions activating the
mechanism can be obtained:

2 2 2
__ s { VK W2t X Vix +2x|\/|ﬂ 7.4)

“ " h(x-1) P s &  Ps

From a general point of view, the valueafshall be compared with the seismic design coefiicitherefore
the verification is satisfied when:

= A (7.5)

beingS; the value, in g, of the design spectrum, i.e.\thiee of the elastic spectrum divided by the praper
factor, andl is the reduction factor of the seismic forces.

From the tests carried out applying loads orthoptm#éhe panel (Dusi et al., 2007a), a valugjcf 3 can be
assumed. In this case; is defined as a function &f the elevation of the collapse section, that caediimated
by minimising the value of the, multiplier, by imposing
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d
from which
g VYR 208 B 25, @7
%—1) P P s sP sP

Becauseg > 1, the contribution of the term

_“" % " Vlres (7.8)

associated to the resisting moment of the craclestios, is always positive and therefore represeamts
increment of the load factaer.

Similar approaches can be extended to nonlinealysa®iaand to overturning as well as in-plane cdakap
mechanism.

8 CONCLUSIONS

Plaster reinforced with polymeric grid has beervproto be an effective, simple and a low-cost smiufor the
seismic performance enhancement of common masanigings as well as for historical buildings, thanio
complete chemical and physical compatibility andhi not invasive installation procedures. The ghdws its
positive effect after the masonry failure, avoiditige collapse and crumbling of separated portidrise
experimental data clearly demonstrated significasitease of ductility and a non negligible increasstrength.
Based on the experimental evidence, suitable diegplmodels to be used as practical tools for #gsgh of the
retrofitting interventions using the plaster rentfed with RichterGard grid have been developedvatidated.
The proposed retrofitting technique has been sstdésused for pilot applications.
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