th
Thel4 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

EXPERIMENTAL BEHAVIOR OF SINGLE AND DOUBLE MASONRY
PANELS

T. Albanesi®, A. V. Bergami® and C. Nuti®

: Assistant Professor, Dept. of Structural EnginegriUniversity of Roma Tre, Rome. Italy
2
Fellow researcher, Dept. of Structural Engineeritlpiversity of Roma Tre, Rome. Italy

3FuII Professor, Dept. of Structural Engineering,ildgrsity of Roma Tre, Rome. Italy
Email: t.albanesi@uniroma3.igbergami@uniroma3.jtc.nuti@uniromaa3.it

ABSTRACT:

In this paper, the results of the experimentabtesirried out at theaboratory on Materials and Structures$
the University oRoma Treto characterize masonry panels behavior are stamdrdiscussed. 36 single ati@l
double panels have been considered: 12 single panelmade of 8A60x330 mni bricks with horizontz
holes, 24 of 12€250x120 mni half-full bricks with vertical holes and two diffent mortars and.2 doubl:
panels coupling the two previous types of simplegis

The panels have been built witheél of accuracy similar to the one adopted indings therefore they &
well done but not lacking some defects that unaadaiwould be found in real constructive practice.
Compression tests in horizontal, vertical and diadalirections were performa to evaluate their “constituti
relationships” in term of force-displacement diagsaand in particular their strength and elastic thasl
Experimental tests also included the charactearaif the bricks and of the mortar used to redligepanels.

KEYWORDS: masonry panels, infill
1. INTRODUCTION

Mechanical properties of masonry panels are velgvamt for r.c. infilled frame structural analydisth in
terms of frame strength and stiffness and in tesfrfailure mechanisms. This paper focuses on s@wglts of
experimental tests performed on single and doulbik panels at thé.aboratory on Materials and Structures$
the University ofRoma Tre The experimental study includes characterizattbrboth brick and mortar
components and infill specimens. First, two différkinds of mortar (in the followintype l1andtype 2mortar)
and two of bricks (in the followingollow andhalf-full bricks) have been chosen after a careful seleetioong
available basic materials and their mechanicalagharistics identified by experimental tests. Treetotal of 48
walls (36 single and 12 double panels) have bedhwith these bricks and mortars: 12 single panelig
hollow bricks and type 1 mortar, 12 single pansiag half-full bricks and type 1 mortar, 12 singknels using
half-full bricks and type 2 mortar, 12 double pamellls combining the previous types of brickworktibo
realized with type 1 mortar.

A more detailed discussion of the experimentaligtperformed are given in A. V. Bergami (2008).

2. BASIC COMPONENTS

2.1. Characterigtics of the Basic Components

Two kinds of bricks are considered (Figure 2.1)xB8x330 mni bricks with an apparent weight density of
7.57 kNm® and horizontal holes and a hollow percentgge55% (namedollow bricks) and 128250x120
mm® bricks with an apparent weight density of 9.21 kNamd vertical holes and a hollow percentgge 49%
(namedhalf-full bricks). Two kinds of mortars are selected: ondé¢orealized on site with a specific mix
(namedtype 1mortar) and the other pre-mixed (nantgde 2mortar). The composition of type 1 mortar is: 1
part of Portland cement CEM II/B-M(L-S-V)32., % of 32.5 cement, ¥ of 12.5 cement, 4 partsaoids
(granulometry between 1-4 mm), 0.5 water-cemei.rype 2 mortar is a pre-mix consisting of hydthtime,
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Portland concrete with the following technical aweristics: specific weight in powder 1500 kgiecm
granulometry <3 mm, paste water 18 %.

i

=

Figure 2.1 Hbllow bricks (left) and half-full brisk(right)

2.2. Testson Mortar

Three points bending tests (support span 100+5 om® prismatic 4840x160 mni specimens (Table 2.1) and
compression tests on 9 cylindrical specimens 200 mnf) were carried out in order to characterize thetarer
(Table 2.2).

Table 2.1 Bending tests results on mortésstensile strength)

Mortar Type 1 Type 2
Prism Frmax[N] | fm[MPa] | Frax[N] | fm [MPa]
Sample 1 2009 4.94 1924 4.78
Sample 2 1872 4.61 1946 4.83
Sample 3 1992 4.90 1542 3.83
U 4.82 1750 4.35
o 0.18 0.87
Fnte=0.7 frnm 3.37 4.45

Table 2.2 Compression tests results on morfgregmpressive strength)

Mortar Type 1 Type 2
Cylinder fm[MPa] | En[MPa] | vn[-] | fn [MPa] | En [MPa] | vy [-]
Sample 1 22.15 - - 12.83 16049 0.20
Sample 2 19.48 15157 0.163 12.12 16208 0.21
Sample 3 24.81 15197 0.181 10.68 16887 0.21
Sample 4 26.01 18638 0.196 11.22 15405 0.21
Sample 5 24.09 16900 0.207 12.52 17421 0.23
Sample 6 26.50 18269 0.207 12.54 16026 0.20
Sample 7 28.73 17605 0.202 11.05 16113 0.21
Sample 8 17.96 - - 10.80 15714 0.24
Sample 9 21.71 - - - - -
U 23.49 16961 0.198 11.72 16228 0.21
g 3.47 1504 0.017 0.87 1504 0.01

During the compression tests, according to indicetiprovided byJNI EN 1015-11:1999before reaching the
maximum load, elastic cycles have been performextder to guarantee perfect adhesion between #ss jand
the sample. Table 2.2 illustrates the compressieagthf.,, the elastic modulus;,and the Poisson coefficient,
determined by each test and the correspondentge/erdues. The elastic modulus, in the absenceexifsc
indications, has been determined with referendbddoading branch limited by 50% and 25% of thexiimam
load. Thus, type 1 mortar is classified as M20y\egh quality) and type 2 mortar as M5 (normalldya
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From the tests a substantially linear behavioun aibrittle failure as soon as the maximum stressached has
been observed (Albanesi et al. 2008).

2.3. Testson bricks

12 hollow and 12 half-full clay bricks have beestég: a half of each group (6 specimens) was testhdles
direction (calledstrong directiontests) and the other half (6 specimens) in pelipalat in-plane direction
(calledweak directiortests).

The compressive strength of the blotkbas been determined accordindJdI-EN 772-1:200Qprescriptions
as total failure load-to-orthogonal gross areaorafiest results are summarized in Table 2.3. Irthal tests
performed the bricks have an essentially linearabiein up to a brittle failure which occurs as s@mpeak
strength is reached; no stiffness decay due toorai@cks occurs (Albanesi et al. 2008).

Table 2.3 @mpression tests results on brickgecompression strength in strong directifygcompression strength
in weak direction)

Brick hollow half-full

fos [MPa] | fow [MPa] | fos [MPa] | oy [MPa]

Sample ] 10.94 4.04 21.27 6.29
Sample 2 10.11 3.71 24.01 4.84
Sample 3 9.34 5.04 25.42 4.40
Sample 4 12.89 6.48 22.80 4.32
Sample5 7.56 4.83 23.63 4.14
Sample 6 11.57 5.73 23.21 6.65
u 10.4 4.97 23.39 5.11

o 1.85 1.03 1.37 1.09

3. TESTSON MASONRY PANELS

3.1. Specimens

Same kinds of bricks and mortars previously deedriwere used to build 48 square infill panels (Fegs.1)
having 5+10 mm thick mortar layers: in particulaith type 1 mortar 12 walls (10¥@010<800 mn) using
hollow bricks with horizontal holes (namédllow panel}, 12 (77770120 mn) using half-full bricks with
vertical holes (nametialf-full panel$ and 12 (10181010260 mni including a 60 mm air space in depth)
coupling the previous walls (nameduble paneivalls). Other 12 walls (73070x120 mni) of half-full panels
have been built with type 2 mortar (Table 3.1).

Table 3.1 Tested panels

Panels Type 1 mortar Type 2 mortar
Hollow bricks 12 -
Half-full bricks 12 12

Double 12 -

Panels have been realized by an expert workman avildwvel of accuracy that can be compared with the
procedure of building sites, with same low defestdisposal and planarity as usually happens ihpesctice.
Loading surfaces have been coated in order toecsaboth and horizontal surfaces by means of higingth
mortar layers. Panels were tested in compressiath,ib horizontal and vertical directions, andlie tdiagonal
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Figur .1 Hollow (left), half-fUII-(enter) an dole (right) panes

s

3.2. Test Equipment

A load-control testing machine (3000 kN Metrocomgswised to carry out compressive monotonic tests up
panel failure: the loading rate was 1.60 kNs-1pfame tests) and 0.80 kNs-1 (diagonal tests). Agdbhad was
monitored by an external 1000 kN Tedea loadingemgliipped with a spherical joint in order to avaatidental
loading eccentricities. Two stiff HEB 300 steelssas have been used for in-plane tests to achiemi#fam
load distribution on the panel; in diagonal compi&s tests, two supporting steel angle plates wees to
apply corner loads and to avoid local stress canaton. Test equipment and an example of panel &ilure
are shown in Figure 3.2 to 3.7 for compressiorstigsall directions and for all the typologies a@inel.
Displacement transducers (linear potentiometer wH0® mm stroke) have been placed with hinged-ends
connected to steel bars embedded in mortar lageaisquire panel deformations. Measure base isrgp (878
mm for hollow panels, 523 mm for half-full ones)tasnclude at least 3 mortar layers in hollow diien. Data
acquisition was performed at a frequency rate addf@ per second.

&

Figure 3.3 Double banels with mortar type 1: corapi@n test results in strong, weak and diagonattons
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3.3. Testresults

Figure 3.4 Half-full nels with mortr type 2: coras

sion test re

sults in strong, weak and diagdinettions

The test results presented in the following havenbebtained referring to the deformations imposgdhe
press: parameters obtained using deformation vathessured by the transducers installed directlyhenwall
will be declared. In Table 3.2 to Table 3@st results are summarized in terms of maximurd Kganaximum

strengthf and elastic modulus (E; if determined from the internal transducers) all astheir average values.

Table 3.0 Hollow panels with mortar type 1: compies test results in strong, weak and diagonattoes

Direction Strong Weak Diagonal
Specimen F [kN] | f[MPa] | E[MPa]| F[kN] | f[MPa] | E[MPa]| F [kN] | f, [MPa] | fus, [MPa]
1 229.63| 2.84 761 70.69 0.87 1013 34.94 0.31 0.21
2 277.39| 3.43 567 189.20] 2.34 1040 62.22 0.54 0.38
3 193.27| 2.39 429 224.20, 2.77 986 26.39 0.23 0.16
4 304.19| 3.76 683 128.96/ 1.60 751 37.87 0.33 0.23
o 251.12 | 3.11 610 153.26/ 1.90 948 40.35 0.35 0.25
Table 3.0 Half-full panels with mortar type 1: camgsion test results in strong, weak and diaganatttbns
Direction Strong Weak Diagonal
Specimen F[kN] | f[MPa] | E[MPa]| F[kN] | f[MPa] | E[MPa]| FI[kN] | f,[MPa] | fu,[MPa]
1 590.17| 6.41 1287 335.54 3.61 1091 118.32] 0.91 0.63
2 846.29 | 9.22 2149 286.23] 3.12 759 136.51] 1.02 0.71
3 739.88 | 8.02 1984 25288 2.71 734 131.21] 1.03 0.72
4 75391 | 8.21 1470 269.08] 2.92 756 137.74] 1.02 0.71
o 73256 | 7.92 1723 285.93 3.09 835 130.95] 0.99 0.69
Table 3.0 Double panels with mortar type 1: comgipgstest results in strong, weak and diagonattoes
Direction Strong Weak Diagonal
Specimen F [kN] | f[MPa] | E[MPa]| F[kN] | f[MPa] | E[MPa]| F [kN] | f, [MPa] | fu, [MPa]
1 381.80| 1.89 361.21| 1185.90| 5.87 803.46| 211.38 0.75 0.52
2 488.97 | 2.42 744.86| 433.66 | 2.15 289.30| 124.49 0.44 0.31
3 399.69| 1.98 688.57| 730.68 | 3.62 850.08| 316.67 1.12 0.78
4 581.11| 2.88 667.98| 399.98 | 1.98 356.45| 177.27 0.63 0.44
o) 462.9 2.29 615.7 687.6 3.40 574.8 207}5 0.78 0.5
Table 3.0 Half-full panels with mortar type 2: camgsion test results in strong, weak and diaganetttbns
Direction Strong Weak Diagonal
Specimen F[kN] | f[MPa] | E[MPa]| F[kN] | f[MPa] | E[MPa]| FI[kN] | f,[MPa] | fu,[MPa]
1 431 4.66 3425 186 2.01 234( 162 1.24 0.87
2 557 6.03 5757 268 2.91 5291 186 1.43 1.00
3 588 6.37 8699 285 3.08 4237 147 1.12 0.79
4 379 4.11 14511 254 2.75 3889 81 0.62 0.43
g 489 5.28 8098 248 2.69 3939 144.06 1.10 0.77
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Table 3.9 Elastic modulus determined from intetreatsducers

hollow brick-type 1 mortar half-full brick-type 1 mortar half-full brick-type 2 mortar

strong weak strong weak strong weak

Sample| E [MPa] E [MPa] E [MPa] E [MPa] E [MPa] E [MPa]

1 4250 4400 11927 9507 3425 2340

2 4018 7053 10203 3542 5757 5291

3 2867 3349 11390 2937 8699 4237

4 6167 4415 7151 3567 14511 3889

o 4326 4804 10168 4888 8098 3939

Lacking specific indicationd; has been calculated referring to the linear logdiranch included between 25%
and 50% of the failure load. In diagonal tégtis the shear strength defined as failure loadrtssy area
perpendicular to loading direction ratio. In thigse the characteristic value is conventionally wataeld as a

percentage of the average valfyg=0, 7xf,,.
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Figure 3.8. Hollow panels with mortar typedte curves in (a) strong, (b) weak, (c) diagonal dicectests
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Figure 3.10. Doublpanels with mortar type b-¢ curves in (a) strong, (b) weak, (c) diagonal diectests

7 35 1,6
D N 304b o ] 1,4
ST N _25f “Ne - - ié 1
4T A A~ N W §2’°’ ””” NN %o,sf
S3T S T T Y T T T L i d £ S U w 0,6
2+ S A S - 10+ -—fF-—-——N--N---—-—- 041
A 05+ f~——————— - Ng - - -+ 0,2
0 ‘ ‘ w 0,0 ; ‘ ‘ 0,0 ‘ ‘ ‘
0,000 0,002 0,004 0,006 0,008 0,000 0,002 0,004 0,006 0,008 0,000 0,002 0,004 0,006 0,008
€ [%] e[] e[]
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In Figure 3.8 to Figure 3.11 global stress-strainves are shown, i.e. stress is load-to-gross @eston area
ratio and strain is measured in terms of relatigpldcement between press plates: therefore measwlede
initial sliding between loading machine and specirtfeus reproducing actual behaviour of an infilhebwhen
a gap exists with surrounding r.c. frame; in ofddinearize the elastic branch, this initial stigiis disregarded.
In hollow panels (mortar type 1) failure, typicathgcurs due to external shell out-of-plane locatdbility, due
to tensile failure of perpendicular internal brigkbs or to compressive crush of bed face bricksezhby stress
concentration due to incipient out-of-plane gloledtability. In diagonal tests, failure occurs f&rear limit:
generally a pseudo-vertical crack crosses the pamel one corner to the other. In some cases twallph
vertical cracks have been observed: in these @sesntral compressive strut forms due to steeleaplites
confinement and failure is not a pure shear oneelHaehavior is essentially linear and shows a enditittle
failure at peak strength. Stiffness response ongtiand weak directions is similar, but peak stifeagd strain
in strong direction are almost 50% higher than ¢hiosweak direction (Figure 3.8 a, b). In diagosta¢ar tests
(Figure 3.8 c), one result is very different to thteers with lower critical load and higher stifése This fact
seems to be related to perfect contact betweernnspe@nd steel angle plates; furthermore an evidek (or
two parallel ones) suddenly spreads at lower nomed than in the other tests. This test resuit ba
disregarded due to its unavailability respect tal dreehaviour in an r.c. frame. Another topic isttlad
specimens show noticeable peak strength differetme@sdepend on panel fragility. Such differenaepeak
strength are not related to differences in corredpy stiffness.

Half-full panels (mortar type 1 and type 2) sholinaar behavior up to a brittle failure which ocgas soon as
the peak strength is reached; differently from fmes cases, a residual capacity is observed da#fevent
geometrical characteristics of bricks and to a mimat-of-plane local instability tendency (Figuré3 This
residual capacity can be related to contributiomoftar penetration into vertical brick holes amigh dpoles: for
this reason inner brick web are less prone to leefailure and global behavior is more resistart kss fragile.
Obviously this effect is more significant in strongdirection tests rather than in weak ones. So
force-displacement responses, both in strong arak @iections, are almost equal in terms of stmaihstrong
strength is about 60% higher than weak one. Parlalé typically occurs due to external shell fegiuin strong
direction tests this mechanism is sudden and yiétds pure fragile response; in weak direction this
phenomenon takes place only after a linear stretgthy due to progressive cracking of internalkwebs. In
diagonal shear tests failure occurs for lower laad in a more brittle manner. Compared with egenatases
of hollow panels, peak strength values, both iro(gg and weak) compression and shear, are moredenoas:
half-full panel behavior is thus less dependenglobal panel slenderness and stress concentratidhe edges
of specimen.

Emortar typel

mortar type2

%-

o r N w B o N ® ©

STRONG WEAK DIAGONAL

Figure 3.12. Mortar effect on half-full bricks pametrength in (a) strong, (b) weak, (c) diagonedation tests

Mortar type influences strength only (Figure 3.9Figure 3.11): stronger mortar yields to strongameds. This
effect is much more relevant in strong directioagin40%) than in weak one (about 15%) (Figure 3.1Ris
result can be related to the higher fluidity oféyp mortar that, even though less resistant, fallgreater
guantity within the brick holes. The relevancehi§t‘holes filling” effect has been already pointmat in weak
compression tests: also in this case it improvel stength much more than what the sole mortsensfih
could do.

Coupled single panels have opposite holes dirextioalf-full bricks hole direction is named theosig one.
Differently from single panels, an important resiluesistance is found (Figure 3.10); this phenaneis
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rather clear for strong direction tests in whichedo different strengths offered by the paneldidtobricks
panel loaded in weak direction resists approximaf@% less than the half-full brick panels loadeditrong
direction, Figure 3.8b vs Figure 3.9a), the half-iirick panel remains substantially integral ewter the
collapse of the hollow brick one; therefore, theidaal resistance coincides with the capacity d&ightly
damaged half-full brick panel. This phenomenon bameglected in weak direction tests: in this casgle
panels offer similar resistances (Figure 3.8a guifé 3.9b) and the collapse involves both singl#swhat, at
the end of the test, don't offer a relevant redid@sistance. From the previous considerations,cae
understand why in the weak compression tests whereieakest direction of the strongest panel idddathe
greatest resistance is reached. Weak strength iie than 30% higher than strong strength, deformattio
collapse is however similar for both tests. Strhrigbm diagonal compression tests, as previousbeoied for
single panel walls, is much lower than the othérsm experimental observation the wall resists with
compressed strut mechanism and the strut has mdessthe same dimensions on both of the panels ev
though collapse is due to hollow brick panel. Tbhenpressive strength in all loading directions iwdo than
that of half-full brick panels and slightly highttran the hollow brick ones.

4. CONCLUSIONS

Experimental tests pointed out both a strong imiteeof brick quality on global behavior of paneésimens
and a panel failure mode dependence on masonmygameent and handwork accuracy. So, pre-cracke#sbric
could trigger off a sudden failure at a specimemen as well as a light non-planar shape could yred
out-of-plane buckling. These uncertainties areipaerly relevant in the case of hollow panels siticey are
usually assembled without procedures which coulrantee geometrical and mechanical regularity. esve
above, in case of half-full panels much more regated planar walls can be obtained, due to brigkileity
and compact geometry: regular horizontal and vartiwortar layers and low imperfections and preiragin
brick unities can be detected. Thus more homogestriesigth values and similar failure mechanisms are
observed with low fragile behavior.

Mortar type influences the behaviour of panelsgihdy speaking stronger mortar yields to strongergta This
effect is much more significant in strong directtban in weak one, probably due to the relevandbefholes
filling” effect which improves wall strength muchame than what the sole mortar strength could do.

Test results on double panels show that bricksodels in coupling single panels might play a retévale in
determining both the strength of the panel andailsire mechanism. The compressive strength iroalliing
directions is lower than that of half-full brick pels and slightly higher than the hollow brick onEmally,
differently from single panels, an important residiesistance is detected.

All these factors highlight the complexity of infjjanel modeling and make very difficult to defiae efficient
approach to r.c. infilled frame analysis.
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