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Abstract

Assessment of the seismic performance of structizesdill challenge. Historic masonry
structures exhibit peculiar properties (low tensti@ngth and lack of box behavior) that make
the task of the analyst even more difficult. It resethat traditional design and assessment
methods, similar to the ones currently used fonfoeced concrete structures, are not
applicable.

This paper provides a review of the seismic analggi masonry structures without box
behavior. Different methods of structural analysie discussed and a comparison is made
between pushover methods and non-linear dynamitysasawith time integration. Three
cases studies (S. Torcato church, Qutb Minar araidi@iros” buildings) were used and the
results show that traditional, adaptive or modamver analyses are not totally in agreement
with non-linear dynamic analysis or experimentaservations, namely cycle and rigid block

behavior (rocking) and the out-of-plane behavior.
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1. Introduction

The seismic behavior of ancient masonry buildirsggarticularly difficult to characterize and
depends of several factors, namely the materialggsties, the geometry of the structure, the
connections between structural and non-structuseahents, the stiffness of the horizontal
diaphragms and conservation of its elements.

Masonry is a heterogeneous material that consisisits and joints. Units are such as bricks,
blocks, ashlars, adobes, irregular stones and thortar can be clay, bitumen, chalk,
lime/cement based mortar, glue or other. The hugmber of possible combinations
generated by the geometry, nature and arrangenfemtits as well as the characteristics of
mortars raises doubts about the accuracy of the ‘terasonry”. Nevertheless, the mechanical
behavior of the different types of masonry has gahyecommon features: high specific mass,
low tensile and shear strengths and low ductiligitife behavior). In general, the ancient
masonry structures were designed for verticalstaiids (compressive behavior) not taking
into account the high inertial loads caused byheprakes.

The simplicity and the regularity in-plane as wallelevation (geometry, mass and stiffness
distribution) are aspects that improve the seispeidormance of the structures, preventing
the local damage and decreasing the torsional teff@these criteria are presented in the
design recommendations of the modern codes (SkhiKdar, 2003). In general, the masonry
buildings are composed by load-bearing walls, inicivhits dimensions in-plane are
significantly higher than the thickness. It medmat tseismic performance of the load-bearing
walls depends a lot on the application directiontteg horizontal load. Furthermore, the

geometry has also an important rule on seismic\nehaf walls with openings, which can be



divided in three structural elements: piers, listahd “nodes”. The in-plane dimensions of
these elements are related with its slendernesscamdequently, with the type of in-plane
collapse mechanism developed under seismic actamki(g, sliding, diagonal tension and
toe crushing).

The in-plane stiffness of the masonry elementsgsifscantly higher than its out-of-plane
stiffness. Thus, seismic performance of ancientomgs buildings also depends on the
capability to redistribute the horizontal loadsvietn the elements, exploring the maximum
in-plane strength of the walls and preventing the-aj-plane mechanisms. Here, the
connection between orthogonal walls, the flexipildf the horizontal diaphragms and its
connection to the masonry walls are the mainlydiacto take into account for the capability
to redistribute the seismic loads. Furthermore, wtiee partition walls, usually assumed as
non-structural elements, are well connected tdahd-bearing walls, also contribute for the
global seismic performance of masonry structures.

This communication presents three cases studiesnadinforced masonry structures (S.
Torcato church, Qutb Minar and “Gaioleiros” builgs). These structures have very different
characteristics, namely in terms of mass and ss&ndistribution. However, they present a
common aspect of the historical buildings. In gahahe historical buildings not present stiff
floors able to provide diaphragmatic action, thecalbed “box behavior”. This type of
structures have shown poor performance in manygqaattquakes, see Figure 1.

Research conducted on flexible diaphragms, e.gnBla et al. (2008), Yi (2004), Paquette
and Bruneau (2000) and Tomazest al. (1996), showed that flexible diaphragmsvute
the following results: (a) supports at floors tohaee as a spring support; (b) large
deformation capacity and high strength of the flawth respect to its mass. Failure
mechanisms of flexible diaphragms are related ¢olaélck or weak connections between the

masonry walls and diaphragms; (c) highly non-linkegsteretic behavior when peak ground



acceleration is high; (d) strengthening of the famial diaphragms as a natural solution even
if an increase of the in-plane stiffngss se is not enough to improve the global response of
the building.

The seismic performance of the cases of study wsssaed through different techniques of
structural analysis, namely limit analysis usingcroablocks, pushover analyses with several
load distributions and non-linear dynamic analysis time integration by using the Finite

Element and Rigid Methods.

2. S. Torcato church, Portugal

S. Torcato church (Figure 2) is located in theagé of S. Torcato, 7 km north from the city
of Guimaraes (Portugal). The church combines sewaechitectonic styles, namely Classic,
Gothic, Renaissance and Romanfltie construction started in 1871 and is being now
finalized. The dimensions are large: the main Ma&57.5 x 17.5 frand 26.5 m height; the
transept has 37.1 x 11.4nand the bell-towers have a cross section equ@l%o< 6.3 m
with, approximately, 50 m height. The oldest pdrthe church, from the towers up to the
transept, is built in masonry with locally availalsiatural granite stones and three leaf walls.
Limit analysis using macro-blocks was carried autthe seismic performance assessment, as
the church exhibits significant damage and requs@engthening. In existing masonry
buildings partial collapses often occur due to re@saction, generally, with the loss of
equilibrium of rigid bodies. Seismic assessmenhhieq factor (linear kinematic analysis) is
fulfilled if the spectral acceleratioa, that activates the mechanism satisfies the folgwi

inequality (OPCM 3274, 2003):
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where:ay is the ground acceleratio;is the soil factorZ is the height from the building
foundation to the centre of gravity of the weigbtces, whose masses generate horizontal
forces and which are not transmitted to the otlaetspof the buildingH is the total height of

the building from the foundatiomis the behavior factor.

In this case study, four mechanisms were definegdedth on the inspection and structural
analysis of the structure (Lourenco and Ramos, RA0f2 mechanisms were partially marked
by existing cracks. Figure 3 shows the mechanisimsidered in the limit kinematic analysis.

According to the limit analysis, the church is safel the lowest safety factor is equal to 1.69

(with overturning of the tympanum).

In Table 1 the parameters considered in the asabr& presentedy is the load multiplier
that activates the local damage mechanismjsMhe participating mass; & the fraction of

the participating mass; ais the spectral acceleration; FS is the safetypfic

This analysis method is conceptually simple andabacus of possible mechanisms is
available at (OPCM 3274, 2003). In the present ,cHse method is easy to apply as the
collapse mechanisms are also partially defined »igtiag cracking. It is believed that the

benefits of using collapse mechanism analysis laeefdllowing: (a) the method is intuitive

and does not requires advanced knowledge of phgsiosechanics, being therefore at reach
of most practitioners; (b) the abacus of possilbéapse mechanisms and the observation of
previous collapses under earthquake action proardethe basis of the inductive approach;
(c) the method is conceptually and analyticallyrect, if the proper collapse mechanisms are
selected. It is believed also the method posseasssong drawback: if wrong collapse

mechanisms are selected, the seismic assessmehtrglated strengthening measures, if
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applicable) is meaningless. Therefore, practitismaust ensure correct selection of collapse
mechanism, either by a detailed inspection of thectire being studied or by adopting more
sophisticated analysis methods. This is certalmdydase of complex or unusual structures, for
which the mechanisms might not be obvious. Anotample would be to use pushover
analysis or time integration analysis to get marefidence on collapse mechanisms and then

adopt the correct collapse mechanism analysisltolede the required strengthening.

The issue of adopting more sophisticated methbdsalysis is therefore addressed in

the next sections.

3. Qutb Minar in New Delhi, India

The Qutb Minar (Figure 4a) is the highest monun@india and one of the tallest stone
masonry towers in the world, dating from the™18entury. The cross-section is
circular/polilobed, being the base diameter eqod4.07 m and tapering off to 3.13 m at the
top, over a height of 72.45 m (Figure 5b). The towge composed by an external shell
corresponding to a three leaf masonry wall andlimdrycal central core (Chandran, 2005).
The core and the external shell of the tower armeoted by a helicoidal staircase and by 27
“bracings” stone lintels. The staircase is spule&dposed around the central masonry shaft, and
it is made of Delhi quartzite stone. Each storeg habalcony and the uppermost storey

finishes with a platform.

To evaluate the seismic performance of the QutbaMulifferent techniques of structural
analyses were used, namely non-linear dynamic sisalgnd non-linear static analysis
(pushover analysis). In the analyses different moakemodels were considered. Two models

were prepared using the Finite Element Method (FBEM}h are three-dimensional models



but one uses 3D solid elements (Solid Model) wthile other one was performed with 3D
composite beams (Beam Model). A simplified in-planedel of the minaret based on the
Rigid Element Method was also developed. The Rig@ment Method idealizes the masonry
structure as a mechanism made of rigid elementsspridgs (Casolo and Peiia, 2007). The
numerical models were updated from dynamic ideraifon tests (Ramos et al., 2006).

In the FEM models, the physical non-linear behawiothe masonry was simulated using the
Total Strain Crack Model detailed in (DIANA, 200%)jth non-linear behavior given by a
parabolic law in compression and an exponential ilavension (fixed crack model with
variable shear retention). In the rigid body andrgpmodel (RBSM), the constitutive law for
axial springs is parabolic in compression and redir in tension with softening. A Mohr —
Coulomb law was considered for shear springs irerotd relate the shear stresses with the
axial stresses. Complete details on the analysidedound in (Pefa et al., 2009), where it is
shown that small difference are found between kel models considered in the pushover
analysis and in model updating.

The dynamic analyses were carried out using fitiiaal accelerograms compatible with the
elastic response spectrum of the Indian Seismie €dlian Standard, 1983) for DellHGA

= 0.209). Figure 5 shows the maximum seismic caiefit (Eqg. 2), calculated from the top of
the structure to the leve] and displacements for each level with the Beandélolt is
stressed that the adopted definition representsritielope for each section and no discussion
is made here on the distribution of mass above vangisection. The average seismic
coefficient at the base is 0.16, with an increas@.18 for the first level. The second balcony
has an average seismic coefficient of 0.28, whike third and fourth balconies have an
average seismic coefficient of 0.47 and 0.9, respsy. It means that the relation between
the horizontal forces (instabilizing forces) ane tbelf weight (stabilizing forces) increase

along the height of the minaret. Furthermore, taged that the cross-section of the structure



decrease in elevation. Displacements (Figure 5hewdls 1 to 3 increase almost linearly,
while displacements of level 5 are almost the dewflthe displacements of level 4 (0.35 to
0.65 m). Based on forces (seismic coefficient) efodnation (maximum displacement), the
results of the non-linear dynamic analysis indi¢htd levels 4 and 5 are the most vulnerable,

where the behavior of level 5, with maximum driual to 3.0%, is highlighted.

_ > Horizontal loads

a : (2)
> Self weight

Pushover analyses were carried out consideringfaromacceleration distribution. The load
was applied with increasing acceleration in thezwomtal direction and a control point at the
top of the tower was considered. Figure 6a showsé#pacity curves (lateral displacement —
seismic coefficient at the base level). Similardebr was found with the different models. It
can be observed that the average seismic factd.28 and the minaret collapses by
overturning at the base.

In order to study the influence of the distributiointhe lateral load in the pushover analysis,
additional non-linear static analyses were perfatmeur different configurations of lateral
loads were considered: (a) linear distributionred tlisplacement along the height; (b) loads
proportional to the first modal shape; (c) adaptpusshover analysis, changing the load
distribution according to the changes in the firsidal shape during the analysis; (d) modal
pushover analysis (Chintanapakdee and Chopra, 20608)results of the pushover analyses
do not change qualitatively from what is shown iigufe 6a and the failure mode and
displacements’ distribution along the height arein@greement with the non-linear dynamic

analysis. Even model pushover analysis, in whiehrésponses of the first seven modes were



combined, is not able to simulate the amplificatainthe response at higher levels (Figure

6b).

4. “Gaioleiro” building in Lisbon, Portugal

The “gaioleiro” buildings (Figure 7) were developeétween the mid 19 century and
beginning of the 20 century, mainly in the city of Lisbon (Portugadyd remains still much

in use nowadays. These buildings characterize msitran period from the anti-seismic
practices used in the “pombalino” buildings orideth after the earthquake of 1755 (Ramos
and Lourenco, 2004), and the modern reinforced red@drame buildings. These buildings
are four to six stories high with masonry walls aintber floors and roof. The external walls
are, usually, in rubble masonry with lime mortar.

In order to assess the seismic vulnerability of ‘theioleiro” buildings, shaking table tests
were carried out at the 3D shaking table of Natikuadoratory of Civil Engineering (LNEC),
Lisbon (Candeias et al., 2004). A prototype ofsoldated building was defined, constituted by
four storeys with an interstory height of 3.60 mgdawo opposite facades with a percentage
of openings equal to 28.6% of the facade area,ammosite gable walls (with no openings)
and timber floors. Due to the size and payloachefghaking table, the mock-ups (Figure 8)
were built using a 1:3 reduced scale, taking iroant Cauchy’s law of similitude (Carvalho,
1998). In plant, the mock-up has 3.15 x 4.15amd interstory height is equal to 1.2 m. The
walls, originally built in poor quality rubble masy with lime mortar, were replaced by a
self compacting bentonite-lime concrete. The thedshof the walls is equal to 0.15 m. In the
construction of the timber floors, medium-densibefboard (MDF) panels connected to a set
of timber joists, oriented in the direction of thleortest span, were used. The panels were cut

in rectangles stapled to the joists, keeping & joinseparating the panels.



The methodology for seismic vulnerability assesdmes based on the identification of the
dynamic properties of the mock-ups along a serfesesmic tests with increasing input
excitations. The seismic tests were performednyyosing accelerograms with increasing
amplitude in two uncorrelated orthogonal directiofise dynamic properties of the structures
were identified through forced vibration testingtla¢ shaking table before the first seismic
test and after each of the seismic tests. For lddtanformation about the results of the
dynamic tests, see (Candeias, 2009).

In the numerical modeling non-linear dynamic andhmver analyses were performed. The
numerical model was prepared, on the 1:3 reducakk,susing the Finite Element Method
(FEM) implemented in the software DIANA (2005), lsing shell elements for the
simulation of the walls and three dimensional bedements for the timber joists, all based
on the theory of Mindlin-Reissner. In the modelioigthe floors, shell elements were also
used with the purpose of simulating the in plan@meability. A quantitative calibration
based on the natural frequencies obtained in thst Giharacterization test was done.
Moreover, the non-linear behavior of the numericabdel was validated (qualitative
calibration), taking into account the crack pattelrained after the final seismic test (Figure
9). The numerical model is able to simulate theckireg of the lintels, which is mainly
associated to the in-plane behavior, and the hat@taracks at piers of the higher floor,
caused by the out-of-plane shaking, observed intékes. Here, only brief results of the

numerical analyses are presented, see (Mendesaamdrico, 2010) for full details.

4.1 Non-linear dynamic analysis
In the non-linear dynamic analysis the horizontaissic action was described by two
orthogonal and independent components, represégtéidle same response spectrum. Three

earthquakes were used, composed of two uncorretatéitial accelerograms, compatible
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with the elastic response spectrum (type 1) deflmethe National Annex of EC8 (EN 1998-
1, 2004), for the zone of Lisbon.

Due to the fact that non-linear dynamic analysesvary time consuming and the response
spectrum of type 1 (interplate earthquake) is uguabre stringent for Lisbon and for the
type of structures being considered, only one typearthquake was considered. Using the
1:3 reduced scale, the accelerograms have a totatioh of 6s, from which 3.33 s
correspond to the intense phase, afGA equal to 4.51 mfsUnlike tests, which the seismic
action were applied with increasing amplitude hiea humerical analysis the earthquakes were
applied directly at structure base with a factaraqo one.

Figure 10 presents the maximum values of the praictensile straing; for the three
earthquake records. The results indicate thatabades at the™floor and at the base of the
structure are the zones of larger damage conciemtrdteing the high level of damage in the
4" floor's piers highlighted. Figure 11 presents thaximum displacement in the middle of

the walls, in which the out-of-plane mechanismhef piers is clearly observed.

4.2 Pushover analyses

Two distributions of lateral loads were used foe fhushover analysis: (a) uniform pattern,
based on lateral forces proportional to mass régssdof elevation — uniform response
acceleration; (b) modal pattern, proportional tocés consistent with the®Inode shape in
the applied direction.

In the capacity curves of the pushover analysepgstional to the mass (Figure 12), the
maximum seismic coefficients are higher than theattyic analysis (about 24%) and the
damage concentration only appears at the lower nbtiee structure. It is noted that in the

dynamic analysis the damage concentrates at'ttiedr (facades) and at the base. Thus, this
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pushover analysis does not simulate correctly #dopmance of structure under seismic
load.

The capacity curves of the pushover analysis ptapai to the I mode (in the applied
direction) show that the maximum load capacity apph the dynamic analysis. As expected,
the crack patterns only provide in plane damaggufiei 13), which is not in agreement with
the out-of-plane mechanism found in the time irdégn analysis and shaking table test
(Figure 9 and 10).

In an attempt to explore the pushover analyses atfaptive analyses were performed (Figure
12). In the first adaptive pushover analysis, thierhl loads, proportional to thé' inode
shape in were applied independently by directiod amre updated as a function of the
existing damage. The aim was to understand howupldate of the external load vector can
influence the structure response. However, thigyaisadid not provide any improvement in
terms of load-displacement diagrams or failure rme@ms (Mendes and Lourenco, 2010).
Finally, in the second adaptive pushover analyisés lateral loads, proportional to th& 1
mode shape in the applied direction, were applietlltaneously in the transversal and
longitudinal direction in the relation 30% and 10Q0%spectively. Here, the aim was to obtain
the in-plane and the out-of-plane damage togethetheé same analysis. However, the
combined effect of the loads applied simultaneourslthe two directions cause the damage
concentration on lintels, not simulating corredthg performance of structure under seismic
load (Mendes and Lourenco, 2008). Thus, the usuadiypted pushover analyses did not
simulate correctly behavior of the “gaioleiro” kdings under seismic load, namely the out-

of-plane behavior.

5. Discussion of the results and conclusions
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In this paper seismic performance of three unreagf® masonry structures without box
behavior (S. Torcato church, Qutb Minar and “Garol&’ buildings) was assessed, by using
different techniques of structural analysis.

S. Torcato church is a typical example of the his&b constructions with high and thick
stone masonry walls without horizontal diaphragnide ato decrease its out-of-plane
slenderness and efficiently redistribute the seaisagtion by the walls. Furthermore, the
church presents regularity in plant and elevatidime past earthquakes have shown that the
damaged occurred in this type of structures is paelated with the collapse of structure
portions (macro-blocks). Thus, the limit analyssng macro-blocks was used for seismic
performance assessment of the S. Torcato churcfoandollapse mechanisms were defined.
The analysis indicates that the structure is safethe collapse mechanism of overturning of
the tympanum presents the lowest safety facto®j1.6

The Qutb Minar can be simplified through a canéiwvibeam with variable mass and stiffness
in elevation. The cross-section is composed by fingsonry layers. The results of the non-
linear dynamic analysis (beam and RBSM models) iaragreement with the historical
damage caused by earthquakes, leading to the cimetlthat the last two floors are the most
vulnerable part of the minaret. The pushover amalygproportional to the mass and first
modal shape, adaptive and multi-modal) are no reeagent with the results of the non-linear
dynamic analysis, indicating that the minaret quglss by overturning at the base.

The “gaioleiro” building typology probably presentse highest vulnerability of the housing
stock of Portugal. These buildings are four tossoties high, masonry fagades with openings,
masonry gable with no openings and timber flood @of. Unreinforced masonry buildings
with flexible can be also found in others Europeauantries. In this case study a prototype of
the typology was defined and the seismic perforreanas assessed through shaking table

tests and numerical analyses. The results of tts #nd non-linear dynamic analysis with
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time integration showed that the damage concestaidhe facades, in which the cracking of
the lintels and the horizontal cracks at piershef lhigher floor is highlighted. Once more, the
pushover analyses carried out were no able to abedorrectly all mechanism observed,
namely the in-plane rocking and out-of-plane shgkof the of the higher floor piers. The
pushover analyses proportional to th& rhode provided a good estimation of the load
capacity compared with the dynamical analysis. &ra®lyses could be an alternative to the
dynamical analysis to simulate the global in plaakavior of the structure. However, the out-
of-plane mechanism (first mechanisms) should bdyaed separately using limit analysis
with macro-blocks.

In case of seismic loading, it is certain that tiaear behavior is triggered at early stages of
loading and linear elastic analysis seems not &ierepMoreover, stiff floors able to provide
diaphragmatic action, the so-called “box behaviate usually not present in historic
buildings. Therefore, the traditional design andeasment method of modal superposition,
possibly with a 3-degree-of-freedom system perrflas not applicable. The non-linear
dynamic analysis with time integration is a compdexd time consuming tool hardly available
for practitioners. The alternative options seem ke non-linear static methods, as
recommended in most codes for earthquake safegsssent, or the limit analyses using
macro-blocks.

Despite the strong capabilities of limit analysisdathe existence of abacus of possible
mechanisms, it is believed that the selection efgadte collapse mechanism is complex and
requires a carefuh situ inspection. The experience and structural capadithie practitioner
are subjected to a significant demand, as the psoisadifficult to control and the selection of
erroneous mechanisms might result in totally inectrrstructural assessment and remedial

measures.
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Several types of non-linear static analyses haws lpgoposed, namely proportional to the
mass and first mode shape (EN 1998-1, 2004), adagp€@asarotti and Pinho, 2007) and
modal (Chopra and Goel, 2002). However, the apiphcaof these methods to the
unreinforced masonry buildings without box behawbould be use with caution and more
research should be provide, namely for structuraspresents cycle and rigid block behavior

(Krstevska et al., 2008).

The hybrid frequency time analysis method (DIANAY03) is a combination of a modal
response frequency analysis and non-linear transaralysis should be tested for

unreinforced masonry buildings without box-behawosome future work.
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overturning of the facade; (d) overturning of thepanum. (FS is the safety factor)

Qutb Minar: (a) general view; (b) dimemsidin meters).

Maximum absolute results along the heafhthe minaret for dynamic analyses with Beam
Model: (a) seismic coefficient; (b) lateral disptatent.

Result of the pushover analyses: (a) dgpaarves of the pushover analyses proportional to
the mass; (b) comparison between the drifts obdatheough modal pushover analysis and
trough dynamic analyses of the Beam and RBSM Models

Examples of “Gaioleiro” buildings, LisbdPortugal.

General view of the mock-up.

Damage the model: (a) numerical; (b) eérpental (Model 1).

(1 is the principal tensile strain, which is an irat@r of crack width)

Tensile principal stains (outside surfa(@ earthquake 1; (b) earthquake 2; (c) eartke3a

Maximum out-of-plane displacement initiiddle of the: (a) fagades; (b) gable walls.

Capacity curves of the pushover analys@dransversal direction; (b) longitudinal diiect
(The silver pattern represents the envelope oftttee dynamic analyses).

Tensile principal strains of the pushosealysis proportional to the®Imode in the: (a)
transversal direction; (b) longitudinal direction.
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(b)
Figure 1: Examples of the URM buildings damagdy 12909: (a) residential building in Onna; (b) eglke of

the dome of St. Massimo in L’Aquila.
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Figure 7: Examples of “Gaioleiro” buildings, Lishdportugal.
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Figure 8: General view of the mock-up.
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Table 1: Parameters of the limit kinematic analysis

0o M [kg] e [m/S] Capacityg [g] Demand a [g]

FS

15" Mechanism
2" Mechanism
3 Mechanism
4™ Mechanism

0.186 434.37 0.947 0.197 0.063
0.184 425.45 0.953 0.193 0.086
0.164 883.01 0.968 0.169 0.087
0.205 33.91 0.982 0.208 0.123

3.13

2.24

1.94
1.69
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