MODELING OUT-0F-PLANE BEHAVIOR OF URM WALLS RETROFITTED
wITH FiBER COMPOSITES

By J. I. Velazquez-Dimas' and M. R. Ehsani,’ Fellow, ASCE

ASSTARACT:  Although wasenry is ome of the oldest construction materials, s hehavior has not heen investi-
pated as exteasively as other construction materiats. Que-of-plane Tailures are common in unecinforced masonry
{LURM) buildings constructed in seismic regions. Seven hall-scale brick masonry walls were consirocted. exter-
nally strengthened with vertienl glass fabric camposite strips, wuid subjectod W static cyetic out ul-plane Toading.
The Aexural behavior of (he tested specimens is characterized by three main stages corresponding te the fiest
visible bed-joint crack, the first delaminatiom. and the ultmoate load. The main parameters beiny mvestigated in
this study are the amount of composite. the height to-thickness ralse A, the tensile slran i companites. arel
the modde of failure, Based on the treads ohserved in the experimental phase. it was concluded that the hehavior
of the walls is best predicted with a linear elastic approach. It was also concluded that the alliimate strength
methed overestimates the fexoral capacity and the ultimae dellection of the wall. Preliminary design recom-
mendations are abso proposed for wensile sirain in the composite, maximum deflection. and maximam remforee-

ment ratio,

INTRODUCTION

Masonry is one of Lhe oldest construction materials. For
thousands of yeurs masonry was the predominant building ma-
terial until modern matcrials such as concrete, steel, and woad
appeared in the nineteenth ceniury (Abrams 1996). The me-
chanical propertics of masonry are much more complicuted
than those uf other construction materials. For many years.
lack of research and vhdersranding of the behavior of masonry
led to reluctance by the engincering communily in widespread
use of this malerial. However. a lurge number of rescarch praj-
eots conducted on masonry in the last 20 years have demon-
sreated the Teasibility of this material for many applications.
As o result, masonry seems o be relurning as a reliable con-
struction abterngtive. Most of the recent research has focused
on improving the seismic safety of new buildings being con-
strucled with masonry.

Unreintorced masonry (RN buildings constitule a signif-
icant part of the existing building inventory worldwide. URM
buildings are vulnerable o lateral loads such as those caused
by cartbyuakes or high speed winds. In the cvent of an earth-
guake, these lateral forces arc transterred to the Toundation
throngh foad-bearing walls. These structural elements muy be
subjecled o in-plane or out-of-plane loads, Failere in URM
buildings due Lo out-of-plane loads is considered the main
cause of persumal injury and loss of life during earthquakes,

Recognizing the shoncomings of URM buildings. there has
beuen o surge of interest in recent years w develop technigues
tor improving seismic behavior of rhese struciures. A number
of techmigues have been proposed. und a complele ovorview
uf these approaches has been documented by Lizundia et al.
{19971, Ameng the new techniques for seismic retrofit of URM
buildings is the patenred process of thin sheels of fiber com-
posites to the walk surtace |M. K. Ehsaod and H. Saedatma-
nesh, “Merhod of strengthening masonry and concrete walls
with composite strap and high strength randor fibers,™ LS,
Patent No. 5640825 (+997)]. Recent field applicatiuns have
demonsirated the feusibility of this procedure {Ehsani and
Sauchatmanesh 1996, 1997,
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SCOPE OF WORK

This paper describes diffecrent methodolugics Tor modeling
the hehavior ol URM masonry wlls retrofitted with glass-fiber
composites and subjected fo cyelic out-of-plane loading, The
proposed method is based on cxperimentd da generated
through seven tested URM walls, The dati analyred inclded
several design parameters such as the amount of reinforcemem
and height-to-thickness ratio Af as well as the obsered be-
havior in terms of modes of tailure. masimem measured lon
pitudinal strdns in composite sirips. CONPressive strain in
brickwork, and oul-of-plane deftection. The behavior of the
walls is represented through three main stiges associsted with
the loss of fexural siftness of the walls. which are the Tor-
mation of the Frat visible bed- joint crack. the fiest delamina-
tion, and the mode of tailure.

Based on the reads given by the experimental data. anicth
edology for estimating the ulthouate fexure capacity ol the
walls is proposed. In addition. equalions for caleulating the
deflections al tirst visible bed-joini crack and at Tormation ol
the first delamination are presented Lhat ke into account the
height-te-thickness ratio of e walls, The propused method 15
valid for walls that wre simply supparted at the wp and oltem
and are {ree along the other o sides. These houndary con:
citions are teprescntative of midsections of walls away from
corners, In light of the limitations ol the experimental pro-
gram, additional sfudies are needed belore the Hindings cun b
generalized. Such studics conld investigate the effects of Jit-
terent Lypes of fibers {ep. cihon and aramicdl. different
boundary conditions, number of wyihes of brick in the wall.
and brick surtace condilions,

PREVIOUS STUDIES

A number of analytical procedures have been propesed for
evaluation of the behavier of masenry walls subjected Lo ow-
of-plane loading. Some of the proposed nethodologies are
based on classical uechanies ot muterials, elastic plat theory,
and finite-clenenr method, Some of these mcthods have been
reformulared in arder W estimale the ultinate Nexural capaciny
of URM pancls. These modilications consider the yield lind
theary and the Tracture Tine theory, Most of these methods are
spplicable to infill pancls with ditferent buundary conditions.

Sinha (1978) proposed a simplified method based on frae-
ture lines that could be applied to any britthe material baving
srrength and stiffness orthotropy. His propesed method corme
lawed very well with the expernncutal results. In that stody.
many pancls wirth dilferent boundary  conditions were ana
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lvred, and u theoretical formulation Tor the coilapse load was
proposed tor each pancl vonsidering the support conditions
aned the aspect rario.

awe et al, (1988), conducted an extensive parametric study
on hollow concrete block infill puncls subjecred to out-of-
plane loading. The main paramerers considered were panel
thickness, infill strengih, boundary conditions, frame rigidity,
and geomeltric aspect ratios, Based on the results of this swdy.
cmpirical relations suiluble for design were proposed. Arching
action arl yicld Ting analysis were also incorporated it the
proposed method. It was concluded that the ultimate load in-
creases parabalically when panel thickness is mereased and
decreases when the lensth and height of the panel are -
vreased.

Sveinsson ct al. (1987) developed an analylical model for
steel-remnforced block masonry walls subjected 1o out-of-plane
seismic molions. In the model, three linear stages were pro-
poscd representing the following ranges of Ioading: before
cracking, between eracking and vielding, and postyicld. Three
clements were incorporated in the model for eyelic behavior
for the invesngated walls: two fuce shells, o steel-reinforcing
har across Lhe joinl, and an ¢lagtic masonry block between the
Jjomnts, Fage shell elements were assumed 0 have no tension
capacity and to behave elastically in compression, The sieel
bar was modeled by a bilingar stress-ateain curve. To validate
the propuosed analvtical maodel. three lull-scale remlorced con-
crete block musonry walls wene constructed. The specimens
were tested under simulated seismic input motions applied by
two servocontrolled hydruulic jacks located at the top and beot-
tom, Comparing the resubts, Sveinsson ot al. concluded that
the analytical model predicled the overall response of the
tested walls very well

Abrams et al, {1993), conducted an experimental and ana-
Iytical smudy to evalnale the Qexural capacity of infill panels
previously tested under in-plane loading. These results were
compared with predictions given by anatytical models devel-
oped by several researchers. The best predictions were given
by models laking inte account cither fracture line theory or
yvicld ling theormy. They found that the panel strength is in-
versely proportional to the sguare of the height-to-thickness
rato, It was also concluded that sipniftcant arching acrion de-
velops Tor puncls with A/ < 200, For slender panels, the capac-
ity is controlled by fexure,

As noted above, very little information is available in the
literature for watls that are simply supported at the top and
botteim. In panicelar, no smdies were found on predicting the
hehavior of URM pancls retrofitted with composite overlays,

FIBER COMPOSITE MATERIALS

Compesite materials consist of strong fibers such as carbon,
alass, and aramid bound together by a marrix. The matrix can
be vinylestor, polyester, or epoxy tesin. Composite materials
have been used {or more than 40 vears in the aerospuce in-
dJustry and other industries. The mechanical propertics of com-
posite materials depend on the fiber-to-matrix ratio. In cum-
posite materials, the fibers provide strenpth and stiffness to
sutisly dosizn requirgments, and the matrix provides Joad
transter among fibers, dimensionat stalalicy, and fiber support
and protection, Composite mateniats have many advantapes
over convenlional makerials such as sreel. Among them are
high specific strength, high specilic stifTness, noncorrosive-
ness. high fatigue resistance. themmal stability, low cost. and
case ol mstallation, By selecting the appropriue fiber. matrix,
and geomelry, composite materiads can be tailored to satisty a
specific application. They also present some disadvantuges
such s low in-plane transverse {Le. sheard strength, low in-
terlaminar sirength, lincar clastic behavior up to lailure, and
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FIG. 1. Stress versus Strain for Unldirectional Glass Com-
posita

polential scnsitivity to maeisture and UV radiation {(Jones et al.
1975, Madenci 1997).

The advantages of composite malerials make them an ideal
material for construction applications. To manufacture com-
posite products, many procedures can be used such as filament
winding, pultrusion, compression molding, and hand layup.
Many composite products for civil engineering projects arc
available in the form of structural shapes; reinforcing bars and
tendons for concrele structures; fabrics for retrofitling beams.
columns, walls. etc, In the last 10 years, many nesearch and
field applications vn composile materials have been reported
{Nunni 1993; Tagrwe 1995; El-Badry 1996; Saadatmanesh and
Fhsani 1996, 1998).

The fibers have very high tensile strength, typically exceed-
ing that of metals. For construction applications, usually more
than 40 of the total volume of the compasite products is the
resin matrx whose contribution to the strength or stiffness of
the composite is minimal. For the retrofit of masonry walls
reported here, a unidirectional glass fabric weighing 610 g/m*
(18 ounces/square yurd) and a two-component epoxy Tnattix
wiis used. The hand layup lechmigue used 0 apply the fabric
1o the wall resulled in a resin-rich composite. Fig, 1 shows 2
lypical stress versus stran curve for the composite used in this
study. The siresses are calculated based on gruss cross section
aceording to ASTM D 3039,

DISCUSSION OF EXPERIMENTAL RESULTS

The experimental data analyzed in this paper were obtained
trom seven half-scale URM walls constructed with solid clay
bricks and a low strength monar, The specimens were divided
into two sets: the short walls [710 mm (28 o2} high] and the
slender walls [1,420 mm (56 in.} high] with 2 height-to-thick-
ness ralio of 14 and 28, respectively. All specimens were 1,220
mm {4¥ in) wide. Each wall was designated with a letter [ul-
lowed by one or two numbers. The tetter 3" refers to single
wythe and the letter “D" to double wythe The designation
for “8" series specimens is fullowed by two numbers that
refer to the percentage of the composite reinforcement en the
suuth and the nomnh faces of the wall with respect to the hal-
anced condition, respectively. A number indicating the rein-
foreement ratio for the north face follows the letter 1. The
hatanced reinforcement ratio was calculated similar to that tor
reinforced concrete members, assuming thar nwsonry fuils in
compression at a strain of 0003 at the same fune that the
composite fails in tension at a strain of 0.02.

All materials (sand. hrick units, mortar. and composites) and
brickwork assemblages were characterized according (o the
appropriate ASTM standards. Thus, the compressive capacity

JOURNAL OF COMPOSITES FOR CONMSTRUCTION / NOVEMBER 2300 / 173



of brick units was 45 MPa (6.52 ksi) and rhe mortar Cor-
prossive strength was S04 KPa (754 psiyoal 28 days, and
72080 kPa (1,044 psi) a testing time. The halt-scale brick unirs
wore assembled tomether with o 6 mm (61,25 iy wide morkar
bed-joint constructed of vand passing mesh Koo 18 From
prisms construcied with five bricks. the compression capaciky
of brickwork was derermined as 2040 MPa (2000 ksi) at 28
days and 26.7 MPa (387 ksi) at testing time. The modulus of
ruplure was obtained trom hrick beun tests as 1482 kPa {213
piy al 26 days and 1,613 KPa 234 pait at esting time, Tinudly.
the umidirectional gliss iher used for retrufitiing the specimens
wis fested in pure tension. and ifs tensile sirenglh wits 369 N/
mm (2906 ibfn. width of fabric.

Al specimens were subjected 1o the same standard hisrory
pattern of statie ¢yelic out-of-plane loading applied with an
air-bay systern that was moved from one face of the wall to
the other. The luad was applied 1o the wall faces in 1w STUEES:
(1 A lead-controlled stage, which consisted of two pairs of
cycles to ohserve the wneracked behavior, and (23 a displace-
ment-controlled stage, where the maxinum displacemnent in
each pair of cycles rernained constant. The stiffness deprada-
tion was moniwred using two loading cycles for the same
displacement level, No axial toad was applied 10 the specimens

FIG. 2. TestSetup

to cxclude the beneficial effects of overhurden stress, The
specimens were simply supported at the op and bottorn and
remained free atung the vertical cdges. A reller condition was
alse provided ar the top (e, verical displacements and 1o-
lations were allowed), With these poundury conditions, i1 wis
intended to reproduce o portion of the wall free of curner and
joint interference.

Fig. 2 shows a general averview of the test setup. Experi-
menta] results and material propermies of all specimens are dis-
cussad clsewhere { Veluzguez-Dimas 1998, Ehsani ¢t al, 1999
The mm parameturs investigured in this srudy are summarized
in Table |, In addition. the load versus deflection envelopes
for ull load histories are shown in F1z. 3, Trom these graphs,
i1 can be seen that the Hexural capacity and ductitity of URM
walls retrofitted with glass-fabric composiies are significantly
enhanced. For example, some of the tested specimens de-
flected o drift levels of 5%, supported more than 3t umes
their acrial weight and resisted a large number ol loading vy-
cles,

The midheight deflection curresponding (¢ the fornation of
{he first delamination for the specimens are as follows: 520,
7 mm; 525, 5 mme 530, & mne S0, 10 mm: $75, 8 mrn 850,
71 g DIOG, 260 mm; SO0, 25 o S200. 33 mimz and $3(K).
25 mm.

Because delamination controlled the mode uf failure of the
majonity of the tested specimens, longitudinal tensile strain in
compasite strips, detlections af midheight, and the reinforec-
ment ratio are considered 1o be the mosl represcntative param-
cters for the purposcs of this study, For cach specimen, the
peak tensile strains in the composite sirip at midheight of the
wall and the averzge of the three strips at the same focation
were analyzed. Although cach specimen wis subjected 1 a
farge number of loading cyeles. fhe abuve stram values were
only eaamined 101 Toads corresponding to the first visible bud-
joint crack., the Arst delumination of the compusite strip, and
the ulfimate tailure, According 10 the ohserved behavior, these
three stages are suflicient 1o characterize the overal] hehayiors
of the Lested walls, These results are shown in Figs. 4 and 5.
Due 1o the sudden failure of Specimen S 3004300, no dala wett
collected [or the fensile strain im the composile at Failure

The experimental dari sommurized in Fig. 4 and 3 were
wsed to select strain values that would correspond to the dif-
ferent stages ol the behuvior of e walls. The [ollowing values
were selected based on judgment, but they are tfairly close w
the average values reported in thuse figures, These sirain limits
are comservative values for predicting the hehuvior of the
retrofitted walls. A Tongitudinal sirnin of U004 s assuned 10
BECUT 1N COMposite strips when the lirst visible bed-joint crack
appears, For the [irst delamination, a jongitudinal tensile strain

TABLE 1. Measured Parameters for Tested Specimens
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] was retrofinted with TR-punve Crossiply H-Glass fubric.
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Slender Walls

i the composite strips of 0.0055 is considercd. Finally, a ten-
sile strain of (01 is assumed for the ultimate failure of the
walls, It is noted thar based on coupon tests of the composite
laminates under pure tension, the failure strain should reach
approximately 0.02 (Fig. [). However. the specimens that
Tailed in tension (mode of failure T jn Table 1) reached g
maximurm tensile strain in the composite ranging from 1.0 10
I.3%. This ditference 1s attributed to several factors including
the cyclic tensionfcompression nature ol the loading, and the
uneven surface of the brick walls. The above values could be
used for analytical prediction of the comresponding loading
conditivn. N is important w keep in mind thar these values are
for URM walls retrofilled with glass-fiber composites only,
and therefore more experimental work s needed in erder 1o
sugrest similar strin values for other fibers such as carbon
and aramid,

Midspan deflections for the walls at different stages of load-
ing are summarized in Fig. 6. The calculated points shown in
this ligure will be discusscd luler. Experimental data for the
short walls indicate that no particular trend cxists between the
deflecrion and reinforcement ratio. However, for the slender

15000
hit =14
@O
< 12000 |
Ll
- I
2 s000 ¢ /3——-—“
[7a)
o
S 8000 ‘
S .
= & gy s
Wall w1 = 20 pat
o . . .

0 0.2 0.4 0.6 0.8

{a) Reinforcement Ratio (as multiple of py)
15000
<
Ly 12000 |
£
m Dy
& soo0 b /\ f
oh
=
3 | / \
€
(=]
o
E 3000 +
< Wall i = 20 pa! o
0 il ]

0 0.2 0.4 0.6 0.8

ib) Reinforcement Ratio {as multiple of P)

FIG. 4. Strain versus Relnfarcement Ratic for Short Walls: (a)
Maximum Strain; {b) Average Maximum Strain

walls, there is an increase in deflection as the reinforcement
rano is incredsed up bo rwo times the balanced condition, The
only exception is Specimen $300¢3(K). which failed prema-
rurely duc o in-plane shear ar the support. Thus this specimen
did not experience the degree ol delamination that was ob-
served in the rermaining specimens,

Fir. 7 shows a dimensionless representation of the load ver-
sus the amount of reinforcement in the walls. The applied pres-
sures have been normalized with respect to the weight of the
wall. The abscissa depicts the width of the composilc strips
normalized with respect to the wall tiuckness. For all stages
ol loading (i.e., cracking. delamination, and ultimate), there is
a nearly lincar incrcase in load with respect 1o the amount of
reinforcement. This is particularly true if the behavior of Spee-
imen 8300 (WY = 5.3), which failed by in-plane shear in the
wall, is exeluded.

PREDICTION QF OBSERVED BEHAVIQR

The ubserved experimental resulls were compared with the
predicted values following the uitimate sirengih method and
the Hnear clastic approach.

Ultimate Strength Approach

A comnmon method for predicling the flexural capacity of
structural 2lements is the use of the witimate sirength condi-
tions, These calculations require the limit-state conditions for
the brick and composite laminate. An ulrimate compressive
serain of 0.003 was assumed for the masonry. Based on coupon
tests, an ultimate tensile strain of 0.02 was selecied For the
composite matenals, ‘To predict the oad versus dellection re-
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sponse of the specimens, a computer program developed for
RO beams wias modified and then used in this study (Marine
19943,

Resules for short and slender specimens are presented in Fig.
8. [0 1s clear that the results calculated based on the ultimate
strength approach overestimate the measured experimental val-
ucs eapecially for the ulttmate load and the maximum deflec-
tion. A similar trend was obverved for adl specunens. The over-
esfimation of the ultinate strength method is attributed to
severat Tactors. First, the analyvsis assumes full composile ac-
tion berween the composite strips and the masonry. However
ay delamination begins, this assumption is no longer valid.
This delamination prevented two modes of Tallures to take
place: (1) Compression failure in the slender walls with high
reinforcement raties; and {(2) wensile fuilure in the short walls
with small reinforcement rarios. The second Factor contributing
to the mismatch of the results is the sollening of the bockwork
as a resull of cyclic loading. Based on these results, the use
of the vltnoae strength approach s not recommended for es-
timating the Aexural capacity of URM walls retrofitted with
compesite matcrals,

Linear Elastic Approach

Considering the obscrved behavior of the rested specimens,
where the mode of failure was controlled by delamination, it
was decided 1o gstimate the flexural capacity using a linear
elastic approach. The use of such an approach can be justificd
beemise none of the tested specimens failed by compression
crushimg of the brick. Wesk interface between the composite
strips and the surface of the brickwork, caused by the large
number of loading eyeles, resulted in exeessive delamination
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that climinated the possibility of compression failure of brick,
Therefore, hoth materials (f.e.. the composite strips and the
brickwork} can be wssumed to behave linearly elastic for the
entire loading history.

The theoretical load corresponding 1o the three stages of
loading for each specimen (e, the first visible bed-joint crack,
the first delamination, and the ultimate condition) was calcu-
lated assuming linear elastic behavior, The analysis for the first
visible hed-joint crack was camcd out assuming o tensile
strain in the composite strip of 0004, To calculate the load
corresponding to the formation of the first delamination, a ten-
aille strain ol 0.0055 waus considered. In addition, a tensile
stadn of 19 was assunted 0 obtain the ultimate load; this
canservative value iy justfied since tensile failure was reached
l this strain level (Table 1). Furthermore, the wnsile strensth
ot brickwork was neglecied, and the anatysis was carried ot
vil transformed sections. Using the above tensile strains in the
composite strips, the campressive strains and stresses in the
brick were caleulated by a trial-and-error procedurs such that
cquilibrivm of torees would be satisficd.

The Uriform Buflding Code (UBC) [International Confer-
cree of Building (Officials (ICROY 1991 limats the service load
deflection of steel romforced masonry walls to 0.7% of the
wall height (ie., UBC Eg. 11-10)

&, = 0LO0TH (n

Tar the ested specimens, this limit has been caloulated and
the resulls are shown as dashed lines in Fig. 6. It is clear that
the above serviceability limnit state is very close to the defec-
tiuns that correspond to the obsgrvation of the lirst bed-jeint

cracks. In all cases, the specimens had significant reserve ca-
pacity in terms of toad and deflection beyond thes Hmil, It can
rheretore e concluded that the same limit can be considered
for URM walls that have been retroficed with externally
honded compeosite strips.

The UBC also recommends Fgs. 11-11 and 11-12 for cal-
culating the migheight deflccuons of walls as given below

sME
B = (for M = M) 53
4RE.. I
SM. SIM. — MR )
= mL_ TR e ML, < Mo MY (3
ARE, ARF L.

Analysis of the data revealed that the use of the above cyua-
tions would undercsiimate the measured deflections of the test
specirens. It is believed that the complex behavior af masonry
walls due to the nonhomogencous and uvrthotropic nuture of
the brick masonry and the presence of the composite strips
cannot be adequately accounied for by the above equations.
The data alse indicated that, although the above equations un-
derestimated the deflections for shom and slender walls, the
discrepancy botween the cyquations and the test results was
nearly twice as high for specimens with A/ = 14, I 15 recog-
nized that, hecause rhe thickness of the specimens was the
same, ths behavior could be attributed w the variation in /1y
or A. However, it was decided to modily the equations assum-
ing that this discrepancy was due W Adr rather than & Addi-
tonal data are needed to examing the validuy of this assumnp-
tion,

Therefore, a1 meadification of the above cquatiens 1o the
forms presented Below is supgested W account for the ob-
served behavior of the walls, To caleulate the midspan delflec-
tions tor service moments smaller than that for cracking (e,
M =2 M 0, (2 cun be modified as follows:

. OMA
8= ypr—— (4}

i
(—’ ) Fl
I )

To caleulate the deflection when the first visible bed-joint
crack oCcurs (ve., when M., < M < M) 03) is moditied as
fullows:
aM. 2iAf, AW

+

()

I

] R
(_:) lIr‘:lr'lru (IJ lIEﬂl'(u.'
."; ’ 1'!,

where

M, == )

To calculate the deflectiion when the service moment is
smaller than that for the first delamination bat larger than (or
the first visibie bod-joint crack (e, M., < M < A, the tal-
lowing equation is recommended:

2.5M,, MK

The flexural moments M, and M, correspond to tensile
strain of the composite equal to (LO04 and G.0035, respectively,
and can be calewlated using the convenuonal approach used
for reinforced concrete beams whereby a depth to the newiral
axis satistying equilibrium is determiined. For all test speci-
mens, the load was calculated for the three stages of loading,
The comesponding deflections were also culeulated according

by =B, + in
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1o the above procedurcs: however, the detlections were cal-
culated for the cracking and delamination points only, No do-
flections were caleulated for the ulrimare condition due to the
comples failure mechanisms ohserved on all walls. These ¢al-
culated loads and detlections are shown in Fig, 9. In these
calculations. the messured modulus of ¢lasticity of the brick-
work, which was 4,53 MPa (657 ksi), was used. This value
is considerably lower than the rccommended value of F. =
7L (ICBO 1991 the lutter would result inoa modulus of
14 HOO MP2 (2,160 ksi) tor the ested specimens,

Av stuted earlier. because the ullimate deflections were not
calculated. the ultimate point for each of the caleulated graphs
in Fig. 9 could not be shown. Howcver, the loads for these
ultimate poinls were caleulated, and they were in very good
agrecoient with the measured results, The caleulated wltimate
loads el the correspanding experimental value tor all speci-
micns are lsted i Table 20 The results indicate that the Tinear
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TABLE 2. Experimental and Calculated Ultimate Load far
Tested Specimens

| ;
: N F [kPa {psfi] Error
Specimen W | pip. | Expenmental | Caiculated (2]
{1} {2 (3) (4 (5 (8]
S 14 02 HE3 (216 b twAy |+
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§75/25 14 | azs 1.7 o) AR TIT X
100100 2% 1.0 1.7 14245 1.3 L 320 CAA
5200450 aE 0 207 0137 2231 i g
2 L5 a2 iR ST [
S0 3080 ki i 1370475 3337 (097 Wl

elustic wpproach gives a better prediction of the Bexural ca-
pacity of URM walls retrofitted with compusite materials,
With the exception of Specimen S300. the average difference
hetween Lhe measired and caleulated fuilure loads was <105

DISCUSSION AND PROPOSED ANALYTICAL
METHOD

Two methodulogies were used 10 model the behavior of
URM walls retrolitted with gluss-liber composite strips. The
procedure based on the ultimate strength condition overest
mates the Hexural capacity of the specimens. Becawsse the ma-
terials thut comprise the wall e, brickwork and conguesie
strips} behave in g briftke manoer. an upper-bound solution 1
not tecornineided. Instead, an casier and more conservalive
anglyrical methed is recommended for modeling 1he hehavior
of URM clay brick nisonry walls cetrotiited with composies.
With this alternative, it is mlended o incorporale o mone
alistic hehavior of the walls by wsuming thal they bebive
linearly clastic up to failure, This is supporied by the abrerved
behavior of all specimens. where st ol them failed due e
excessive delamination wfter o large number of loading cyeles.

To caleulate the Hexural capacity of retrolited URM brick
masonry walls using an elastic analysis, the followmg as-
sumptions were miade:

» Plane sections remain plane.

« Tensile sirength in brickwork is neglected,

» Lingar stress aned strain distribulion across the wall section
is asswmed (Fig, 10),

+ Full composite ackion between composile strip and the
brick surface is asswmed {ie. strain compalibility 1s sar-
istied}.

« All corapressive lurces ure resisted by brickwork: the
compressive capacity of composite strips is ignored,

» Composite strips take Il tensile foree in the cross section.

e “The mode of failure can be either tensile rupture of com-
posite suips or excessive delamination. Noocompressive
failure of masomry s cxpected.

« The maximum expected wensile strain in cormposite strips
s 19,

o Modulus of clasticity of brickwork is caleulated as £, =
TS0 (1080 19910

[ f‘m
= . =[b, ki
Ip7 +
| L,
T, Lby,
By f,
Sirain Siross Forces

FIG. 10. Siraing, Stresses, and Internal Forces in Brick Masonry Beam

176 / JOUANAL OF COMPOSITES FOR CONSTRUCTION / NOVEMBER 2000



_——

As stated carlier, the calculation of deflections ure very sen-
sitive 1o the modulus of clusticity of the masonry, and therefore
the actual measured modulus was used. However, the cffcer
of modulus of clasticity of the brickwork on the flexural ca-
pacity is minimal. ‘Therefore, for these caleulations, £, =
750f wus assumed, Taking summation of moments of the
internal stress resullants in Fag. 10, the moment can be cal-
culated as follows:

M=TZ=/W,Z ()

where i = f8, and £ =1
one oblains

keid. Substituting fur Z 1o (8),

M=T.Z = Wit ( I - %) i

Dge o the small thickness of the composite laminite, s

imfluence on the woment anns m the above expression has

been ignored, For an assumed value of stratn in the compesite

strip. the internal wnsile and compressive force resultants can

be set equal o one another w obtain the depth ol the neutral
axis, From this condition, the factor & can be obtained

Wy
bt

e

k=

(10}

)

The moment capacity of the wall can be caleulated by com.
bining (9 and (1

PRELIMINARY DESIGN RECOMMENDATIONS

The writers recognize that this s the fiest ceported investi-
wation o a study of the hehavior of URM retrofilted with fiber
compasites, Constdering the scope of this study, ir is evident
that additional investigations are reguired before a set of com-
prehensive design gudelings can he established. However,
based un the abserved behavior of the specineos and (e anal-
wals of the results, the followang preliminary design recom-
mendarions are provided.

Reinforcement Ratio

For the specimens with fr = 14, the maximum reinforce-
ment ralio wested was 0.75p,. The Tailure of this specimen was
ruther explosive due to the high pressure applied W the wait
at fuilure. On the other hand. the specimen with a reinforce-
ment ratio of {.dp, exhibited 4 more ductle Lulure and de-
formed 1o the same ultimate deflection. Theretore, il is rec-
ommended that, tfor walls having an aspect ratuo of 14, the
reinloreement ratio be Timited to (Ldp,.

For walls wilh an aspect ratio of 28, the highest tesred re-
inforcement matio was Jp,. This specimen failed by in-planc
shear failure of the brickwork and showed a very stitf hehav-
ior, Rased on the observed behavior of this spectmen, 1t 1s not
recommended that one utilize such high reinforcement ratios.
In comtrast, the specimen with o reinforcement ratio of Zp,
carmicd nearly the same load. deflecred mere than twice as
much as Specimen $300, und resisted twice as many loading
cveles, [0 s therefore recommended that, for walls with an
aspect ratio of 28, the maximum reinforcement ratio be limited
[ 2[.‘!,:..

For the case ol minimum reinforeement, the designer must
keep inomind rhat, in general. narow strips of composiles are
subjected W higher sheur runsfer stresses that could resalt in
early delamination. It is recommended that one cheek these
stresses and selegt the appropriare Type of composite strip with
adequate contact area W@ delay or eliminate this maode of fal-
ure:,

Calculation of Load and Deflection

The Oexural capacity of the walls can be caleolated using
the lincar elastic approach discussed earlicr. The load corre
spunding 1o the three stages of the hehavior can be determined
with a fair degree of accuracy. The resuits of the study sugzest
that the average longinudinal tensile strain in the composite
strips be limited to (1.004 for the iirst visible bed-joint crack,
0.0055 for the first delamination of the composile sirip, aml
(L for the wlimate failure, The calculation ot these three
loads. as shown in Fig. 9 and "Table 2. can provide the desigher
with an overall estimation of the factors of safely relative Lo
the applied service loads.

According to the experimental data, the deflection of the
retrofitted walls can be caleulated with the modified expres-
sions presented n {(4)—(6). These equations predict the crack.
ing and delamination ol the wall fairly accurarely. However,
the equations cannot be applied 1o predict the ultumate deflec-
ton of the wull because the maximum deflection is influenced
by many factors, such as excessive delamination, cracking and
soltening of brickwork, and fracture of the composite sirips
amomg others.

For service conditions, it is recommended that one lirnit the
maximum deflection w 0.0074 and the tensile strain in the
composite strip to (L0004, The defleclion limit represents <30%:
of the measured ultimate values, and it is always less than the
deflection comesponding (o the delammnation of composite
strips. The maximm span drift suggested for the service con-
dition in URM bewms i £/600 (Amcrican 1995). Therefore,
the proposed retrofit scheme allows an incresse in the deflec-
tions of more than (our tmes o 0.0074,

As discussed previously, the strain limit of 0.004 comre-
sponds o the load causing the first visible hed-joint crack. Test
resilts indicate that this load is approximately 409 of the
maximuam pressure supported by the walls. Therelore, a suf-
Hicient factor of safety in load-cwrying capacity 1s provided by
this guwideline. Similar limits on strain have been propuosed for
RO walls retrofitted with hiber composites (IO 1997

Fracture Ductility Index

One of the shomcomings of fiber composites is their inabil-
ity to deform in an inclastic manner. This problem has been
observed by many researchers in the case of conercte beams
reinforced with composite tendons or reinforcing bars. The
problent iz of particular interest in this apphication as it s de-
sired 10 have a ductile failure of the retrofined walls,

True o the lack of a4 vield pointl in composites, rhe use of
the traditional definition of ductility is nol warmanted, How-
ever. in many applications. including the retrofitred walls dis-
cussed here, the presence of the composite sirips docs allow
the walls 0 underse significant deformation prior to failure.
Thare is also energy dissipation through cracking and soften-
ing of the masonry and delamination of the composite strips.
Insread of the traditional yield puoint as a reference, it s pro-
poscd that one consider the load corresponding to the first
visible hed-joini crack.

A fracture ductility index (F1) is proposed. The index 1s
defined as the ratio of the deficction at pressures beyond that
causing the first visible hed-joint crack 1o that correspunding
tor the {irst visible bed-joint crack. The tracture ductility index
is defined mathematically as

&

Fo = _ - 11
5 {11y

wr

Because the deflection corresponding to the cracking capaciry
is very small and difficult 1o detecr, it was decided o usce Lthe
deflection at the first visible bed-joint cruck. Other rescarchers
bave also wsed the concept of the first visible crack w char-
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acleriee the cracking capacity of block masonry walls sub-
jected o aut-of plane load (Abboud er al. 1996}

A fracture ductility index as bigh as 5 was obtained in the
tesl specimens (Table 1. Even Specimen $300 that Tailed pre-
maturely by in-plane shear stresses exhibited o ductility index
al 2. In steel RO or masonry memibers, ductility increases as
the reinforcement ratio is reduced. This is because the lower
reinforcement ratio results in larger steel strain and curvature
al failure, However, due to the elastic behavior of composite
sirips, o similar rend cannor be oblained in URM walls ret-
rofiticd with composite materials, This is evident from the test
results shown in Table 1, where regardless of the aspect ratio
and the amount of reinforcement, the maximum reconded frac-
ture ductility index was similar fur al] walls and it was litnited
te 5. Therafore. the data do not justify o reduction in the re-
inforeerment ratio in an atlempl 10 achieve a Nigher ductility
mdex.

CONCLUSIONS

The experimental resilts obtained (rem URM brick masonry
walls retrotitted with glass-fiber composite strips are compared
wilth respuect to rthose obtained from analyvtical solutions, The
analytical results were obtained using Lhe beam theory through
the ulumate strength and lincar elastic approaches. Clearty,
rthere are 3 number of issues thal reguire further investigation.
Howwever, within the scope of this study, the following con-
clusions can be made:

« A lineur clastic solution (s recommended for evaluation
ol the flexural capacity of URM masonry walls retrofitted
with composite materials. This procedure results in
lwer calculated strength compared to the measured val-
wes for the recommended range of reinforcement ratios,

= The deflection of walls for various stages of loading can
be calculated using the madified expressions in 44 -(H)
It is recommended that this deflection be limited to
IO

» The averape fensile strain in the compasite strip for the
thre stages of loading is 0003 for the first visible bed-
juint crack., (L0055 for the lirst delamination, and 0.01 for
the ultimate condition. It is recommunded that the maxi-
muin service load be lmited 1o that correspunding 1o a
sirain ol (1004

« The maximum reinforcement ratio as o multiple of the
balunced reinforcement ralio is 04 and 2 tor walls with
aspect ratios ol 14 and 28 respectively,

» The majoriry of the specimens exhibited o fracture due-
tility indes of 3,75 5.0 regardless of the amount of re-
inlvreement present.
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APPENDIX Il. NOTATICN

The following symbols are nved in this poper:

b, = width ol brick-heam section;
C = compression mode of failur:
compressive force of hrick-beam seotion;
0 = delamination mode of failure:
E, = madulus of elasticity ol composite st
£ = modulus of clasticity of brickwork:
FIy = trawinee ducnlity index:
fe = slress in composile sty
fw = SUress ip Moy
£ = mudulus of rupture:
B = wall height,
1. = cracked monnent of inertiag
I, = gross moment of ineri
kr = neutrul axis posibion,
M = [exural moment:
¥, = flexural cracking moment,
M, = flexural moment at first delamination:
M. = Mexural moment at first visible bed-joint crack:
F = applied pressure;
P = ol conresponding 1o licst visihle bed-joint crack;
£y, = load comesponding to first delaminalion:

~
1k

180 / JOURNAL OF COMPOSITES FOR CONSTRUCTION / HOVEMBER 2000



B =
= load at failure;

maxitmum suppoered pressure (psfb

shzar mode of fallure:

= tension mole of failure;
= tensite torce in componsite sirip:

wall thickness;

thickness of composite stip;
widlh ol composite sirips.
wall weight {psfiwythes;

= lever arm berween resullang Forees;

6 = deflection al any load;
G, = deflection at first delamination:
8., = deflection at first visible bed-joint crack;
T,. = strain coriespondimg e lirst visible bed-joint crack:
£, = sirwin corresponding to first delamination;
£, = srrainoan compisiic sirip,
€., = straln In masonry;
Ea = strain commesponding to nitimate lowl,
p = reinforcement raiin; ynd
1 = buatanced reinforcement ratn.
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