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Out-of-Plane Behavior of Brick Masonry Walls
Strengthened with Fiber Composites
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The valnerabiltly of wnreigforced musonry buildings (URM) o
maderate provnd motions s ¢ foct recogmized by Hee earthquake
FRITIEET L COmMMANIN (1 Lhis paper, an innovafive rebrofithing svs-
tem for URM buildings wsing glass fibev reinforced pofymer
(GFIRP) stvips 15 investigated, The erperimental results for four
refrofifted UM walls subjected to iyclic oul-of-plane loading are
presenied hevein, The first three specomens were constricted i single
anthe, and the fourth une in double wythe. The heighi-thickness rato
Jor all specemens woas 28, Depending on the retaforcement rativ, sin-
gle unthe walls fiiled in dension, ercessive delamimation, or @ com-
binatzon of both. Failure modes in the double wthe wall were peei-
ing off of composite strips and splitting of the wythes, From exher-
trnental vesulls, 1 was fiund that walls were capable of supparting
pressures of up o 23 times their werght and deflect up fo 1720 times
the wwall ekl Strength and deformation capacity of the walls were
sgnificantly onproved by the investigated retrofifting technique

Keywords: Hexural strength; masoney: prestressing stoel; veinfirced von-
vretey stifiness

INTRODUCTION

Lnreintorced taasanry buildings [UTRM) constitute a larpe
portion of the world's building inventory. The vulherabiliny of
these structures to moderate seismic forces Is a fact recop-
nized by eurthiquake engineers. Formirye part of s stock are
the most appreciated historical monuments, which need to b
preserved. As an example, more than 20,000 URM builldings
exist in California alone, Most of these were constructed con-
sidering hittle, if any, seismic design criteria (Laurence 1985
Reinhorn et al. 1285; Abrams 1985, Bruneau 1994a; Sucouglu
etal. 1996), Old masonry huildings are primar]y composed of
load-hearing walls constructed with solid or hollow clay
brick. Masonry walls are commonly attached to either flexible
{wood) or rigid {vonerete] diaphragms. In the event of an
earthoquake, these structural elements transfer the seismic
forces to the foundation, Due to a weak anchoring system or
Lk of reinforcement, load-bearing walls may tear from the
building or collapse under in-plane or out-of-plane forees.

In recent carthquakes, some URM buildings that were
retroditted earlier performed well. Seme others thar were
strengthened (more than 450) with corrent design proce-
dures, however, were damaged during the Novthridpe earth-
quake (Kehoe 19563 These fipures suprgest that actual mason-
ry hehavioe s not properly considered 1 the rerrofitting
schemes. In addition, the selsmic dermund fin out-ofiplane
Inads in the URBC cede has increased by as much as 5% dur-
ing the last 20 yr (Bhende et al. 1954 Wong 1994 Therefore,
there is a heed for hetter understanding of brickwork behay-
wr under reversed loads, amd the development of new and
imore eflivent strengthening techniques.

The objective of this stuldy s 1o investigate the flexural
behavior of slender URM walls retrafitted with verticul yrlass
fabric composite strips and subjected o evelic out-of-plane
loading, The influence of the number of wythes on the behuay-
or of the walls is also investipated. This study is part of 2
largrer Investigation that was presented in two other publica-
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tiorss (Elsani et al, 1998; Velazguez-Limas and Fhsiarn vooo).

PERFORMANCE OF URM WALLS

Ax mientionsd previowsly. masonry walls may fail under in-
plane or out-of-plane forces. Significant research has been
publishedl for in-plane behavior of URM masonry walls
(Sucowglu et al. 1991 Menpy et al 19859; Abrams 1958),
There are not enoagh data, however, for UHM walls under
vut-ofplane loading {Herulry 1974, Fasawey 1086; Dawe ef
al. 1854; Drysdale et all 18%3), The more signiticant retro-
fitting techniques reported to enhance exural capacity of
masonry wills are: shotereting reinforeed with stecl mmesh;
bonding steel plates; prostressing; center core technique; wod
honding composite fabrics or plates. In the following pare-
graphs, soime of the meost Impoertant studies on fexural belbay-
wr of slender URM walls retrofitted with different surface
treatment techniques are discussed. Additional details for
other types of retrofitting procedures can be found elsewhere
(Velazgquez-12imas 1998

Bhende sl Ovadia { 1994) tested cight swalls, cach w3 mm
(8 in] thick, 1200 num (42 7)) wide, and 2600 mm (104 n.)
high. The specimens were retrofitted by attaching a 16 x 150
i {0675 X 6.0 in) stecl plate o each fuce of the walls using
four tirough-holts at the top and bottom of the wall. The
specimens were subjected to statie out-of>plane loading, From
experimental results, they found that the out-of=plane capac-
ty of the walls was increased hy o factor of 10, They suggese-
eed, hewever, that further studics are necded to investigate the
etfect of the drilled holes on the in-plane capacity of the wall.

Dawe and Aridru {1998) demonsteated  that cracking
capacity, ultitate strength, and ductility of plane masonry
walls can be enhanced with prestressing bars. They tested
two series of fivefull-seale specimens, cach 1200 mm wide,
Aoy mam high, and 130 and 190 mm thick. The specimens
were subjected to monotonic out-of-plane leading applied
with an air-bag system. Experimental results showed a signif-
lcant increase it the wall stiftness of prestressed walls com-
pared with traditionally reinforced masonry An equation to
estimate the Hexure cupacity off the prestressed walls was also
presented.

Prawel and Reinhorn (1956) proved that a thin botded
coat of reinforeed cement to one or both sides of 3@ masonry
panel could substantially improve the m-plane and out-ol-
plane strength and ductility. They showed that tor in-plane
loading of URM panels, the strength, ductility, and stitiness of
the retrofitted specimens were almosr twice of the bare spec-
mens. A number of other studies have also been carried out
on masunry buildings {Cloeph et al. 1890 Sveinsson et al.
1584; ABK 1081}

The application of fiber cotnpusites in the repair and reha-
bilitation of structures has become popular (Seadatinanesh
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and Ehsani 1996 and 1958}, In recent years, many rescarchers
have used composite materials in the form of fabries or com-
pwite plates to retrofit URM walls against in-plane and out-
of-plane loads {Laursen e al. 1995 Schwepler and Relterborn
1906, Ehsani and Saadatmanesh 1994, 1996, and 1897
Reinhorn and Madan 1994). Velazguer-Dimas et al. [1998)
reported that strength and deformation capacity of URM
walls retrofitted with glass fabric composite stripy can e sub-
stantially enhanced. Deflections up to 2% of the wall span can
be reached. The ultimate pressure supported by the tested
walls can be up to 31 times the weipht of the wall.

EXPERIMENTAL PROGRAM
Description and construction of specimens

Four hali-scale slender masonry walls were constructed by
an experienced mason using solid clay bricks. The brick units
were tut from pavement solid clay bricks supplied by a local
manutacturer. The half-scale units had dimensions of 48 x 35
x 102 mn {1.92 % 1.5 % 4 in ). The units were bomded with a
low-strength capacity Type N mortar. All specimens had the
same beight-thickness ratio of 24, Three of the tested walls
were constructed in single wythe. The fourth wall was con-
structed in double wythe, with a header course placed every
six courses. This trequency of header course has been used in
a large number of older URM buildings. Bricks were bonded
in running bund pattern with a mortar joint of'a 1/4 in, thick-
ness to mateh the reduced-scale brick dimensions. To scale the
sanel for this mortar thicknesy, the following perventage pass-
ing were used for the various sieve sizes: Noo 185 25%, Na. 5
67%, No. 50r 24%, No. 100: 6%, No. 1200 8%, and No. 200 2%.
The main geomctric features of the constructed walls are
Mustrated in Table 1.

The advantages of using scaled masonry specimens have
heen outlined by many researchers (Abboud et al. 1990, Sinha
ct al. 197, Other researchers
have also suceesstully  studied
scaled masonry SITUCtUres
(Hendry 1975, Abrams 1985
Abrams et al. 1996).

The first course of bricks for
the four walis was lad In a
machined  steel channel  that
tormed part of the support during
the test. As can be observed n
Fig. 1, all walls were simply sup-
potted at the top and hottem, and
the other two sides remained Iree.
With these boundsry conditicns,
it was intended to simulate the
partion of the masonry walls
tound in low-rise buildings free of
corner and wall-to-wall  jeint
interforence,

Each wall was designated with
# letter follewed by one or two
numbers. The letter 8 refers to
singhe wythe, #nd the letter 1) to

the wall
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L = 121% mm{48 in)
Fig 1—Ouverall view of the test specimen.

Fig. 2—Test of brick prisms for determination uf compression
capactty of hrickwork,

%

Fiw $-—Steps in retrofit procedure: (o) spreading the epory aver the fubric; (b bonding the fabric o
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Table 1—Overall wall parameters

, Fabric Width (W)
Length | Height :
Specimen mmgt mgh . apy mm (in.) it
Desi atiun . . South Neorth South Norih South Norih
gn (in.) (in.) e face | Dace face Face face -
220 00 s lieo {100 | 35| 15 )06 | 276
51007100 | (a8) | (56) 6y | 63 [ © ‘
1220 | 1420 406 406
S300300 |(ag) [(s6) |28 300 [300 | o | g | 83 | 83
1220 | 1420 67 270
S50/2G0 (48) (56) 28 | 50 200 (2.65) (10.6) 1.4 35
1220 | 2740 280
D100 (48) (108) 28 ! 0 100 0 an - 2.75
A= Titsene widlih; & = buigrhing and v — thickness: 5 o sl wethes 1= deuhle wyches sl po = seinfisrcesent vatis
Table 2—Material properties
Measured values
. Measured values
Component Measured property For single wythe For double wythe wall
wallg
Brickwork Density kN/m3 (lb/ft3) 18.7 (120) 18.7 (120)
Compression capacit
pMF'a (ksi)p 4 45 (5.1) 45 (5.1)
Brick units — ;
Initial rate of absorption
. 7.9 79
gm/rin
. : 5190 (754 * 5826 (845)*
Mortar Compl:;smn F:apamty
3 (psi) 7200 (1044)**
. . Compression capacity 20 (2.9 26 (3.767)*
Bnck prisms MPa (ksi
a (ksi) 26.7 (3.87)**
_ Modulus of rupture 1482 (215)* 1124 (163)*
Brick beams kP .
a (psi) 1613 (234)**

=Determined ar g days
Herermimtied af Desting tine

double wythe, "The designation for & series speeimens s fol-
lowed by two nurbers that refer w the percentage of the
composite reinforcernent on the south and the norih faces of
the: wall with respect ta the balanced conditiom used, respec-
tively, & number indicating the reinforcement ratio fur the
north face follows the letter D, The tour walls were strength-
ened with strips of a fabric constracted with E-glass, in which
the plass Hhers were aligned vertically {1, along the height
of the wall), The fabric was onded (o the wall surface with a
twamramponent epoxy resin, The balanced condition is
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assumed to occur when the conmpressive failure of the imason-
£y is reached al the same tme that the composite fils n ten-
sion.

Material properties

All material properties were determined according 1o the
appropriate ASTM standurd. The compression capacity inl-
tial rate of absovption (IRA), and the density were determined
for brick units. From test results, it was found that brick units
needed to be wet to Improve the bond between the mortar and
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Figa—Trst seisp.

the bricks Feom prisms constructed with five bricks, the coni-
pressive capacity of the brick-mortar assemblape was tloter-
mined. Figuee @ shows a typical test specimen. The modulus
of rupture for brickwork was also determined from brivk
beams conscructed with 10 bricks. The last propertics were
determined at 25 days and at testing Gime. as shown in
"I'able 2. The density for brick-mertar assemblages was deter-
mined firom coupons for modulus of rupture. From mertar
cubes of 0% 50 x A0 min (2 % 2 X 2 in), the mortar compres-
sion capacity was uiso obtaiped at 28 days and at testing time
tor all speciniens. & sieve analysis was carried out for the sand
used in the mortar, Using sand from river passing mesh N %,
a 1/4 in. mortar bed joint was used o match the half-scale
Lricks used in this investigation. A unidirectional glass fabric
weighing 14 oz per yd* was used for retrofitting all the walls,
The wnsile strength of the composite fabric was obtained
according to ASTM D-3038 to be 269 N/mm (2106 1b/in}
width based on the average of six coupons.

Retrofitting procedure

The single wythe specimens were retrofitted with three
vertical strips of glass fabric bonded on the north and the
suuth wall faces. The double wythe wall was strengthened on
the north tace only. The composite strips were honded with an
epoxy resin using the wet layup procedure. A more detailed
description of the steps involved in retrofitting a4 wall with
fiber composites 15 given  clsewhere (Ehsam and
Saadatmanesh 19960 It is noted that, similar to many other
construction practices, this technique has been patented
Mester 1498 Ehsani and Saadatmanesh 1597) The wall way
liest cleaned with a steel brush, then dust and any louse par-
ticles were removed with high air pressurc. A& thin layer of
primer was coated 1o the wall surface where the composite
strips were to be attached {for all walls except for Wall
S0 1007 Next, the composite strips were cut to size and
laid o a plastic sheet and the mixed epoxy was poured on the
{uleic and spresd over the whele fabric, epsuring that the bub-
ric was saturated with the epoxy The saturated composite
strips were bonded to the wall face by haml pressure arml
pressed with a roller (Fig. 3). Finally, the exterior surface of
the: fabric was coated with g small layer of epoxy for protec-
tion arel instrumentation purposes, The four walls were retro-
fittedd following the same procedurs. As depicted in Fig. 1, the
center-to-center space hetween the vertival strips wis kept
comstant at 406 mm (16 in.) for all walls, The fabric width var-
ied for different reinturcement ratios, The valucs are shown in
Tabihe 1.

There are a number of reported field applications where
fiher composites bave been used to strengthen buildings and
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Fig 5—Typical measurements for Specimen § 1007 100 ia) load
versus deflectinn at midheighl; (b) load vs. the longitudinal slraln in
the compasite strip; and () lead veryus rotation af the top support.

bridges (Saadatmanesh and Ehsani 1896 and 199%). In many
vaves, these structures have been In service lor scveral years
with no apparent sign of damage or deterioration to the com-
posite. The durability of composites in other industries, such
as boat building and aerospace, is well decumented. Clearly, as
the enllective ex perience of the construction industry with the
performance of these materials inereases over the coming
years, advances will be made towards the elimination of any
sherteomings that these systems may have
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Table 3 —Summary of the observed behavior of the tested walls

Table 3. Summary of the observed behavior of the tested walls

DESIGNATION S100/100 53004300 5504200 D100
Face [ N S N S N N
Reinforcement ratio (%) 108} 100 00 ing 50 200 100
Cycle 9 ] 7 7 3 [ 7
Pressure, 1034 2.8
KPa (ps) 46207 ] 462 (9T 216) 17,1274} (59 87 (%7 | 46 (97
) , Deflection 12.5 | L}
F:lma;or mmin) ©5) 125 (0S) | 125 0.8y | 14 (058 ©.4) 4 (@56 | 15 (059
¢ Abave and - Above Tue Al mad-
, F ad Below Alridbighy | 0PV coures |y oy and
Locaion | o | Gernil | i | WO | ki | AT | v
bk, oouree £ sourses
Cycle 13 14 11 11 a 13 9.
Pressure 1854 175
, kPa (psf) 6.9 (1447 | 1.6 (158) 17 (360) (383 (78 155 (324) | 531 (117)
[ First 4 21
i Dreflection 0.79
ulm- s Gin,) 25 (L | 25 (1 | 25 {10y 28 (1) (0.56) 33 (1.3) | 20 ) Y
E nation Cenf.ral Contral sinp Al cenler Al ceniber Whast and et mnel easd :;tnﬁmit
Location s:;f swovemid | armundan | acundan | emststrips | snipmp mid poites ::n
.““ i;hl heign airbubble | air bubhie e haei gl 15 above
| Comp.t 04 0.4 0.15 03 0.3 02 0.12
! Tension LR 1.0 0.4 0.5 1.3 1.1 0.8
! Maximum At cenler .
strain{%) Westand | o mlat | oatmiddie | MESETE T s | Cenmuland | ERE LIS
Sin cast At . . . middle brick below maddle
p cetiter mid-height brick s cetter westal conter [
el iy ]
Maxmum | o 6 6 14 3d 51 74 15
rotabiong )
| Cyele 21 23 12 12 25 27 24
i Pressure 11.7 1171 22,75 6.2 0.7 9.5
i iPa (psh (245) (243) (475) 16.7 (330) {130) (432) {205)
| Diefleslion 33 47 M (275 % 0
| ‘ Mode of mm (e 58 (2.3 | 3 (2.0 (1.3) 5 (1 (L54) { ¥ (1))
Failure Type P T. PD SHEAR No Failure T, F C.FLx FI;
hl!";ql:gps Al bl West swip
: Location delamn, | A sres Brick No 30 All sirips & | All girips +
i " ocourse delam.
| Span drift Spa,f h (%) 40 4.0 23 20 34 5.0 amn
Prnax f Wt 13 13 24 17.5 7 23 5

NOTES: D = Belamingtion, T = Tensile, C = Compression, Wt. = Weight of (he wallR?
FD and PD = Full and Fanial Delamioation
| t Compression straing were measuresd on the composite fabric.
+ Central and wesl strips on top half and (he 2ast stop atmidheight
& Central and east strips from lop support 1o midway of Lhe botlom hall pan and the west anp fom mp midway o the botiom
support  All simips delaminated almost 7%, A compression Gilue was alse observed on the south face.
# All sinips delaminated almast 80%. Symmeincal delaminated patterns werd obeerved for the three strips,

Testing frame where the maximun displacerment in each pair of vyeles

| The four walls were tested in o stee] reaction frame, The

specimens wore sinply supported along the top ad the but-
tom cdpoes, ared the two vertival sides were free, Wit these
bowndary conditions, it was intended to reproduce 4 portion
of the wall free of corner and joint interterence. A roller con-
dition was provided at the top, Le, vertical displacements and
retations were allowoeld, The Specinens woere subjectal o
ecyelic out-of-plane loading. The lateral pressure way applied
thl'ﬂLl!_’;I] ith HirE)Elg H}'ﬁtt‘n] [l]al. Wk "'I[]\.'C‘d 13'[1!]1 ot e ot l]]l_‘

remiined constant. The stiffoess degradation was monitored
using twe Toading cveles tor the sae displacement level, This
procedure was vontinued until the failuee of the wall wasy
reached. To exclude the beneficlal olfect of overburden pressure,
ey axial load was applied to the specimens. An overall view of
the testing frame showing the double wythe wall is given in
g 3 The maxinuon deflection at midheight of the west edge
atid the applied pressures wore monitersd n real time by two
voltreters, and the corresponding Joad versus deflection curves

: wall to the other; more details about the test setup are pro- were platted on e monitor of the data acquisition syster

' sertted  elsewhere (Velazgues-Dimas 1oust The load way

i applied to the walls in bwo stages: a load-controlled stage, Instrumentation

] which consisted of two pairs of cyeles to observe the The specimens were nstrumoented with several devices,
4 uneracked behavior, aml u displaceinent-comtrolled  stagre,

ACI Structural JournaliMay-June 2000

Ten strain gages wore bonded to the noeth anad the south faces
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of the single wythe walls to measure lengitudinal and traos-
verse stramns. The double wythe wall was instrumented dif-
forently since it was retrofitted on one face only. Thus, 17
strain gages were bonded to the composite strips and three
strain gages were bonded ot midheight on the south tace of
the wall to measure compressive strains on the brick surface.
Five clinometers were attached to the east and the west sides
of the four walls to measure rotations, In addition, seven
points were instrumented on all specimens with linear var-
ale displacement transducers (LVIYTs) to measure out-i-
plane deflections of the wall surface. The applied pressure to
the wall surface was measured with an electronic pressurc
sensor capable of reading pressure ipcrements ot 445 Pa (005
psil. The information read by each devics was recorded using
a computer-controlled data acyuisition system. Finally, verti-
cal gypsum strips were built around the midheight portion of
the specimens on the south and the north wall Taces for detee-
tion of bed joint cracks,

EXPERIMENTAL RESULTS
A sunmary of the observed hehavior of the tested walls 1s
presented i Table 3. In this part, 4 detailed description of the
behavior of Specimen S100/ 100 is given. This is tollowed by
a general discussion of the ather walls. Muore detailed intor-
imation about the behayior of the tested walls can b foumd in
Velazquez-1limas [ 1488}

Wall 51004100

This wall was symmertrically serengthencd with three vor-
tical composite strips, cach 135 mm (5.4 in.] wide, This reip-
forcement ratio was cquivalent (o balanced condition, 1e., 2
tensile failure in composite strips would ocowr at the same
time that the masonry failed in compression. These caleula-
tons were made assuming linear straln variation along the
depth of the wall and using mechanical properties obtained
from compressive tests of the masonry prisms and tensile
coupon tests of the composite material, Additional deseription
of these ealenlations and the predicted behavior of the speci-
mens Is prosented elsewhere {Yelazquez-Dimax arul Ebsani
2000%, No primer was used in this wall o improve interface
hehavior of the composite strips. The wall was subjected ter 23
cycles of loading, For the first 20 cycles, crackitg and dulan-
ination patterns were fairly syrunetrical on hoth faces, The
observed behaviar of this wall 1s cxplained as lollows.

“Ihe: first major visible crack along a bed Joint was detect-
cd o the noreh face during the cighth cycle at an applied pres-
sure of 162 kPa [96.5 psfl, and at a detlection of 12,5 mm
{06 ). These cracks wore marked at midheight immediately
above and below the middle mortar joint. Upon eeversal of
loading, the same type of crack way observed on the south face
of the wall at sunilar load and displacement levels. Significant
stiffness depradation was observed after the major crack. The
enlarged hysteretic loop arcas following u displacenent of
12,5 mnin Fig 5(a) is attributed to this. Full lompitudinal bed
joint cracks tormed above and below the middle brick course
more ot less in 2 uniform pattern. As pressures reached high-
er levels, mortar joint cracks grew up in number, as well a5 in
size, 1oward the top aml the bottom supports.

Delamination is another factor that produces Joxs ot stitt-
ness, The first defaminated areas were ohserved on the north

face during the fourteenth eycle al an applicd pressure of

7.6 kPa {138 pst), and a deflection of 25 mm (1.0 in.i, Thuse
delaminated areas were marked on the central composite strp
ahove the middle brick course. elaminated areas are often
aeeompanied by sounds of the eposy brcaking away from the
brick surface, and resull i enlarged hysteretic Toops, Similar
ebavior was observed for the south face as shown n Table 1.
where close correlation is shiwn for both faces. in Fig. s{ak
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the tirst sipnificant stiffness degradation seemed 1o be more
influencud by the tormation ot large cracks along bed joints
rathor thah the furmation of the first delueninated arcas. After
these two major damages occurred. 1he additional cyeles of
loading resulted in turther delamination of the fabric strips.

As entioned previously, talely symmmetricil beliavior was
ohserved for both wall faces, This was also observed for lon-
pitudinal strains Longituding] tensile strains as much as 1%
were measurcd in the composite strips at midheight on hath
wall faces. From tensile voupon tests aceording to ANTM -
09, compaosite steips should reach a minimum lomgituidinal
strain of 1.3% prior w tailuee. Although « tensile failure
arcurred on the north compasite strips, an Lhtimate strain of
L% could pot be reached. This is atributed to the fact that
comiposite strips aee subjected 1o a comiplox combination of
Joads ineluding longitudinal, tranyverse, and shear. Figure
5ibY shirws load-versus-longitudinal tensile strain vurve for
a strain gage honded oy the nurth central composite siep at
mmidheight. A maximuam longitudinal compressive strain ot
Gt was also mcasured o the composite strp tor the suuth
amil the north faces. Inaddinon, transverse straips wert eEs-
ured st midheight on the three composite strips From the col-
lected data, it was found that transverse strains ax muwch as
noo microstrain were measured, Indicating that transverse
strusses 0n composite steps were very smally however, such
wtrains could corttribute ta the delamination of the composite
fabiric.

Rolitions on the west and the east wall edpges nf the wall
were also measured. From the recorded data, this wall rufal-
v at the top and the bottom sapports up to 6 dugrees. This
gave an indication of how the composite strips can ranstorm
3 brittle sall meo a flexible one. In Fig. alcl, a typleal load-
versus-rotation curve is depicted for a clinoraeter attached to
the top west corner, This curve also contirms the symmetry
that was nwntiened previously In addition, measured rofa-
tions at midheight were almost zeto, indicating that the pres-
surel apphied by the airhag system was syronetrical.

Tensile failure peenrred on all three north composite
strips. Prior to the tracture of the north s, cracking
counds indicated the imminent failure, While the central and
the west strips failed above the middle brick course, the east
steip broke at midhcight. Although the balanced reinforee-
ment ratio suggests simultaneous tension and cornpression
failure of the wall, no compression failure of the hrck was
ohserved, This may be attributed to the pneen witll surtwce
that would create local stress voncentration points at the
cdges of each hrick. Dae 1o the failure on e north tace, the
compasite strips of the south face did not tail, A vertical crack
passing through the brick was detected underneath the cen-
tral strip at falure. Ihis indicated chat the Rexural capavity of
the brickwork perpendicular to the bed joint was reachiel.
Therefors, & minimam amount of horizontal reinforcemuent
feedls 1o be provided tw avoid such failure,

In suemary, the behiwior of the wall was characterized by
excessive cracking ulong the mortar joints all over the north
and the south wall surfaces. The crack patterns on both Taces
seemend more of less uniformdy distribueed, Extensive delami-
nariem also tool place on the composite strips on both Faces,
By the conclusion ol the fest, delaminated arcas ververed
approximately  75% of the enrire urea of the strips,
Delurmmated patterps, however, sore mms_'_\-'rnmctri.{tﬂl for the
two faces. Om the north face where tensile failure aceurrd,
the east strip delaminated fairly symmetrieally above and
helow the middle brick course. The central and west strips.
however, delaminated From the bottom, midway to 1he top
support. The wall was subjucted to 23 eveles of loading, sap-
ported a maximaum lateral pressure af 115 EPa (249 psl), and
deflected 5% mm (2.8 0 The tailure lowd was equivalent 1o
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Fig. o—Fnilwre of the composite srips on the north face of
Specimen NHK 1O

nearly 15 times the weight of the wall, and the maximum
deflection was almost #% of the span. Figure 8 shows the
faited north composite strips,

Wall 5300/300

Busend on the obmerved resules of the previows wall, it was
decided o test the next wall with a higher reinforcement
tatio. The wall surtaces on both taces were fully coverad with
the same fabirie, e an 1% o2 per yd® enidirectional glass tab-
ric. This resulted i a reinforcement ratio esquivalent ta three
times the balaneed condition. As expected, very stff behavior
was observed for this wall, Almaost linesr elastic behavior was
abserved because of the hiph reinforcement eatio used, "This
bediavior can be seen in Fig 7, where typical curves for deflec
tion, steain, and rotations are depicted. Little dmmnage was
ohservid for this wall. The fow delaminated areas that were
marked on either faces of the wall were initiated by the pres-
ence of air hubbles that were introduced by entrapped air duop-
ing the honding of the fabric. The measured compressive
struing in the composite fabric were very close to the caleulat-
ed valucs for the brick: this inedicates that god interface bond
existedd betweetr the two materials. Very small bed-joint
cracks also developed. Since the fabrie covered the entire wall
surlave, it was very difficult to detect bed-joint cracks These
were marked only at the vertival edges. Initial cracks wore
detected on vertical strips of gepsim that were honded to the
fabric surlaces on both faces. Because the wall seftered little
damugc. VOTY Darrow hy.\:teretif: lowoqrs were observed, and
henee, little energy was dissipated.

The failure vecarred during the thirteenth cycle while
pushing from the north face at an applicd pressure of 22,8 kPa
v+75 pef). "[his was characterized by formation of a fully lon-
gitudlial crack through the botron brick course, indicating
sheur failure of the brick, I fact. as expected, due w the high
remforcement ratio, no tension failure of the composite strips
or compression Ledure of the bricks oceurred. This is evident
by the maximum tensite strain i the composite reaching
0.4%, Since the spplied shear stresses at the supports were
approsamately $k4 kP (30 psi) the shear capacity of the
brickwork was exceeded according to the URC and the
ACE ABCES/TME specilications. Figure % shows the failure of
the wall,

I surmnary. the wall supporoad lateral pressures squiva-
lent to almost 24 times its own weigrht, The maximum meas-
ured detlection was equivalent to 1750 times the wall span,
According to the latest masonry specifications, this defleetion
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wis almost 13 times the allowable value 1 the wall was unre-
Inforeed.

Wall S50/200

To get as much information as possible about the behavior
of this type of masonry walls and based on results from the
provious two syminetrical specimens, it was decided to retro-
tit sthis wall in a nomsymmetrical way. Thus, reinforcement
ratios of 17 and two times te balanced condition were useld
ot the south and the north wall faces, respectively. As a result,
the three wall specimens would previde information on the
behavior of systems retrofitted with four different reinforee-
ment ratios.

Excessive hed-joint cracking and delamination ol the com-
posite strips characterized the ohserved hehavior on hoth wall
taces. Bed-joint cracks spread to almost 90% of the wall sur-
tace. Cracks went through slmost 50% of the wall thickness.
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Fig 8-—Shear fatlire wlong the bottont brick course o Specitmen
S9007 308

Delaminated areas reached more than 75% of the area of the
compasite strips by the end of the test, Tangitudind strain in
excess of 1. 1% was measured on composite fabric on both wall
faces. Tt s important to remark that the ratios of the applhied
pressure on both faces for the first major crack. tirst deliami-
hation, amd the wltimate load were proportional to the rein-
torcement ratios. Figure 9 shows typical curves for all meas-
ured parmmeters, The general information is described in
Table 3.

Three modes of Failure were ohserved in this wall: teosile
fracture of the composite strips on the south tace, delammna-
tivn on the north fave, and crushing of the masonry on the
south Face The tensile failure on the south tace ovcurred on
the west strip below the middle brick conrse. This happened
although the three strips delaniinuted fairly symmetrically
This is ateributed to the fact that the cencral and the cast
strips did not peel at midbeight as the west one did, - Cracks
an the cpoxy matris were also observed on the central and the
east strips. ‘This mdicated that a tensile failure was close 1o Te
reached.

The Failure on the porth face, which was reinforeed with
Lty times the balanced condition, was in combination of
excessive delaminaton and compressien of the brick, The
delanunation pattern at failure was nonsymmetrical, The cen-
tral and the east composite strips delaminated trom the top
support hallway to the bottom. The west strip delaminated in
opposite manner, Le. from the bottom support hulbway to the
top. This delamination contiguration caused a NONSYITIHETT-
cal distribution of major flexural cracks. “The main tlexnral
crack was a stepped one. "This was marked three bricks above
the middle brick course on the cast side, and stepped down to
twis brick courses helow the middle one, Tn addition, another
stepped rack formed above the previous one from the east
sidde: to the central coraposite strip. Two vertival cracks along
the west and the central sirips passing through the brick
coutses wers also detected. These cracks ndicate that the wall
way subjected to biaxial bending; ta prevent such failure, some
horizontal reinforcement must be provided, It is Important to
note that for the (irst time, a clear indivation of compression
tuilure on the south face along the main stepped flexural crack
was ohserved,

Tn sumenary, this wall was subjected to 25 and 27 cycles on
the south and the north taces, respectively. The wall support-
ed prossures equivalent to seven and 23 tunes its own weight
for the south and the north faces. The wall was also capable to
deflect on the south face as much as 1% times the maximurmn
allowable deflection it it was unreinforeed, according to the
ACL/ASCE/TMS specifications, The latter is equivalent to a
span drift of 4% ({30, The vorresponding measured param-
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Frig o -'I_'}ipr}:af measurements Jor Specinen &S00 (a, load

versuy deflection at mudheight, (B} load versus the lonyrtsctinal strain
in the composite strip; and (o} foad versus totation ol the top suphort,

cters for the porth face were 30 times the allewable deflection,
or a span drift of 8% ({720, Figure 10 shows the failure of the
north face and the delaminated pattern of the same face just
before the failure. Fram the load-versus-deflection curve, i
can be observed that the hysteretic loops for the north face
were more enlarged. Thus, a better energy dissipating meeh-
anism was developed on the north face.

Wali D100

This wall was constructed in double wythe. Because of the
size of the wall and the difficulties invelved in leading the wall
on hoth faces, it was decided tor retrofit the north face Onl)’.
Previous tests had indicated that the reversed cyclic bebavior
of suel walls can be fairly aceurately predicted tor the vase of
Ioading the wall on one side only. A reinforcenment ratio enual
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Fig 1o—Fadure of the novih fuce of Specimen 8507 2000 ()
delamination pattern prior to fuiture; (b wall af farlure

to the balanced condition was used. A upidirectional glaess fab-
ric weighing 18 oz per wd® was used. A header course way

placed every six courses, representing approximately  16% of

the wall surface. Although some mortar was placed in the ver-
tical space separating the two withes, due to the small size of
the opening, no special attempr was made to completely fill
this gap. Consequently. » full compsite action could not be
developed between the two wythes,

The main objective in the construction of this wall was to
investigate the iniluence of the number of wythes in the flex-
ural behavior of URM walls retrofitted with composites. By
usitg @ balanced reintorcenent vatio, the comparison of the
behavior hetween single and double wythe walls was also
investigated between this specimen and Specimen $1004 100,
The wall was subjected to 24 halfeyeles of loading, The
salient features of the obsceved hehavior are Eiven as follows,

Extensive bed-joint cracking on the north face and dolaim-
ination of almost =0% of the composite strips by the el of the
test chariclerized the behavior of this wall. The maximum
measured compressive strain in the bricks was 0.12%, The
low compressive strain indicated that brickwork behaved elas-
tically, Bed-joint cracks were uniformly disteibuted #long the
height of the wall. Furthermore, the gradual delamination of
the composite strips prevented the development of the ulti-
mate capuwity of buth materials.

The Tack of full compaosite action between the two wythes
of this wall is attributed to two lactors: a) the weak interfiace
between the wythes due to the low area represented by head-
ers; and b because of the partially-filled gap botween the
wythes, Figure 1t shows typical curves for strain and deflec-
tions. The predictad behavior by beam theory was in agree-
went with experinental results for deflections up to 25 mm
[10 0] little apreement exists for points corresponding to
higher deflection levels. This deflection level s close to the
fiest major stitfness degradation due to carly delamination.

In addition to hed-jeint cracks and delmnination areas, two
failures were deteeted on the wall: splitting of the wythes and
sleling of the north wythe slong two hed-joint cracks. These
two failures were detected in the lower part of the wall. No
splitting failure was detected crossing the header courses.
This is due tu the high interfice shear caprcity of hemders
piven by the bricks, A section: of the wall between the headers,
however, did split. This is atteibuted to the low shear capneity
of the: poorly grouted pap. The inplane shear capaity of the
headers was cabeelated from the compressive strengeh of the
hrick units aceording to ACTA ASCES TMS specifications to be
552 k% (A0 psih. The theoretical shear stress at the putnt of
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Fig 11—"Typical meusuvements for Specimen D1ty (o) foad ver-
sus deflection at mid-height; (b load versus the fomgretudinagd sivamn
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splitting failures caluulated with elastic beam theory, assum-
ing that the gap was fully prouted, varied from 117 to 145 kl%a
(17 to 21 ps1); therefore, the hesders did not £31] in shear,
These shear stresses, however, ranging from 17 to 21 151,
were beyond the shear capacity of the mortar itself)
Consequently. as shown in Fig 12, splitting cracks were
observed on the cast and west sides of the wall between the
headers. The outward displacement of the brick, such as that
shownt tn this fipure, contributes to the delamination of the
tabric, Testing of the specimen was terminated onee these
shear vracks were formed and the delamination reached the
lr3ttom support.

In sumtmary, the wall behaved well although the previous-
Iy mentioned failures forced a prensture termination of the
test. The wall was capable of deflecting « span drift of 2.77%
trongh 24 halfcyeles of loading, ie. 17 times 1he allowslde
deflection if it was unreintoreed. 1t also supported pressuress in
excess of five times lts own weight. Longitudinal strains on
composite strips were in agreement with those ohserved in
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Wall §100/ 106, Rotations and span drifts, however, were Tess
than 80% of the corresponding values in Specimen 51007100

SUMMARY OF OBSERVED BEHAYIOR

Four halt-scale UHM masonry walls retrotitted with verti-
cal plass fabric composite strips were tested under eyelic out-
of-planc beruding, The sulient parameters were the height-
thivkness ratio, which was held constant at 25, the number of
wythes being one or two, and the reinforeement ratio that var-
wend from 0.3 to three tmes that of the balaneesd condition, One
of the tested single wythe walls way cetrofitted with no
prinier, snd the others with primer, Fuour types of fallure were
detected 1o walls constructed in single wythe, Wilh the
exception of Specimen 300300 that failed due to high in-
plane shear stresses along the lower Lrick coursc (Le., more
than 50 psil, the other two showed extensive delamination at
tailure. "Lensile failure occurred tor faces reintoreed with half-
or full-balaneed condition (Falle 23

Two failure modes were detected ob Waall D oo, Exeessive
delanumation took place on all composite strps, peeling ofl
siore that B0% of the areas by the end of the test. An inter-
tave shear Failure, L.e, splitting of the wythes, also occiered @t
the lower ball part along the cast and the west sides, The Tat-

v was attributed o the low shear capacity of the poorly com-

pacted nuoriar betwoen ihe two wythes. According to the
ACIASCE/TMS specitications and [bllowing the hean thas-
ry upproach, the shear stresses cansed by the applicd pressure
weere I excess of the allowable values, No intertace falure was
dutected alonp the header courses, howeser, smee the shear
capacity of the brick units was much igher than that caused
by the appliedl pressure. The dissiputed energy at difterent dis-
placenient levels for Walls 514607100 arad 13100y are compared
in g 13, Tn spite of their ditferenves i terms of the mamber
of wythes and the presence of a partial gag in Speenner Do,
Both of these specimens dissipated similar amounts ot energy
for displavements up t 50 R {24 ).

From Fig. Uk wlhere the load-sersus=detlection envelops
For all wakls is presented, it ean b observed that the maxitim
measured deflection did net depend oo muach o the amount
ol reinfrcement. The reaximuen supporoed pressures, howeys
or, shenwel to be Jinearly dependent on the amount of reln-
threement. The sume trend was also abserved for pressures at
tirst visible crack, as well as for the tirst delarminated nrca.
From "Table 3, 7t van also be observed that the btimate STraND
on corposite STrips was noet dependent em the reinforcement
ratio. Vertical eracks crossing the brick courses were detected
an Walls S100/ 100 and Sses2on These failures ueearted
since the fexural capacity perpendicular to the bed-jmnt wis
prached. 1o avoid such fuilures in feld applications, precau-
tiors must be taken by providing some reinforcement in the
horizontal direction.

CONCLUSIONS

Rased on the observed fuilure modes, the specimens with
lower reinforcement ratios exhibited @ more ductile hehavior.
Therstore, pending further rescarch studies, the reindoree-
pent ratio should be Timited to two times that of the balanced
foibure. Additional studies are also needed to examine the
iniluenee of an neven brick surface in the development anud
propagation of delaminated arvas. From the ubserved experi-
mental helavior of the tested walls, the following conclusions
can be drawn:

1. Strength and deformation capacicy of the retrofitted
walls were significantly enhinced: retrofittud walls resisted
prassures ranging from five 1o 2k times the weipht of 1he wall
and deflected as much as 5% of the wall height,

2 The deseribed retrofitting teehmique is very eflicient
since the reinforcing material (Lo, composite stripw] s placed
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on the surface of the wall, providing the maximum moment
arm between the internal compression and tension couple.

3. The retrofitted walls failed By one of the following five
modes: tension in composite fabrius, compression i hrick,

excessive delamination of the fabric, horizontal shear thilyre of

the brickwark, and in the case of the double-wythe wall, inter
fice shear failure,

t o general. the Toad resistod by the specimens that
causer] the first major bed-joint erack, first delamination, and
ultimate failure appeared to he directly proportional to the
reinforcement ratio. No such correlation, however, was
observed between the verresponding deflections and the rein-
forcetnent ratio.

5. In most cases, failure was controlled by peeling off of the
compasite stripy atter the specimens were subjected to g large
nimber of loading cycles, Even in cases with high reinforce-
ment rafios (P = p,t, only lovalized signs of early compression
failure were olwerved at the center of the wall, but no com-
plete compression failure of the bricks oecureed Instead, fail-
ure of such sperimens s often controlled by excessive delam-
ination of the composite lubric due to the low shear iranster
eapacity of the brick surface; and

6. To avoid very stilf behavior and for improved hysterctic
response, the reinforcernent ratio should be limited to two
times that of the balanced condition.,
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