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Abstract: The application of fiber-reinforced polymé€FRP as a means of increasing the axial capacity of masonry through confine-
ment, a subject not addressed before, is investigated in this study. Four series of uniaxial compression tests, with a total of 42 specimer
were conducted on model masonry columns with these variables: number of layers, radius at the corners, cross-section aspect ratio, a
type of fibers. It is concluded that, in general, FRP-confined masonry behaves very much like FRP-confined concrete. Confinemen
increases both the load-carrying capacity and the deformability of masonry almost linearly with the average confining stress. The uniaxia
compression test results enabled the development of a simple confinement model for strength and ultimate strain of FRP-confine
masonry. This model is consistent with the test results obtained here but should attract further experimental verification in the future tc
account for types of masonry materials other than those used in this study.
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Introduction and Background of-plane cyclic testing of one-story masonry walls and developed
an analytical model for the in-plane behavior of CFRP-

Masonry structures in need of intervention through strengthening Strengthened walls within the framework of stress fields theory.
constitute a significant portion of the building stock throughout The work reported by Ehsarl995 and Ehsani et al(1997
the world, as either they have suffered from the accumulated ef-focused on in-plane she&monotonic statig testing of unrein-
fects of inadequate construction techniques and materials, seismidorced masonry specimens strengthened with epoxy-bonded glass
and wind loads, foundation settlements, and environmental dete-faPrics. A similar concept involving epoxy-bonded carbon over-
rioration, or they need to be upgraded to meet more stringent!ays was studied by Laursen et 61995 and Seible(1995, who
seismic design requirements, often combined with change in use performed cyclic tests on apprommatelly _half-scale masonry wall
In the past decade or so, traditional strengthening techniquespaneIS and on a full-scale masonry building and proved that such
for masonry(e.g., filling of cracks and voids by grouting, stitch- overlays are hlghly. effective in increasing the strength, reducing
ing of large cracks and other weak areas with metallic or brick t_h_e shear deformations, and improving the overall structural duc-
elements or concrete zones, application of reinforced grouted per-t'l'ty' . . . . . .
forations, external or internal posttensioning with steel ties, and Detailed design equations and interaction dllagrgms for FRP-
single- or double-sided jacketing by shotcrete or by cast in situ strengthened masonry under ou_t-of-pla}ne bgndlng, in-plane shear,
concrete, in combination with steel reinforcemehtave been and m-plang ber]dlng, all comblngd with aX|aI' load, were devel-
supplemented with the fiber-reinforced polym{&RP strength- oped by T”‘Tln taﬂch_m(ltgg?. Exper;mgn'l[)al ftutdltleszggrﬁ)hmeqlon
ening technique, which involves epoxy bonding of strips or gﬁsgr?(;y[\;ﬁai Sz%é)i;:d Cocrﬁg(né)hggﬁ eetratla fg'gg- Ve,IaZaTJIe-Z-
sheets, mainly in the direction of principal tensile stresses. Y ) ’ N

Studies on the use of FRP as a strengthening material for ma—Dlmas and Ehsani 2000; Kuzik et al. 200dit-of-plane loading,

. . demonstrated the effectiveness of vertically placed glass fiber-
sonry have been numerous. Detailed concepts and analytical re- y p 9

S . reinforced polymel(GFRB strips. The effectiveness of this sys-
sults on the apphca_blllty and eﬁgctlvene_ss qf FRP tendons used totem was also confirmed by Paquette et(aD01 through shake
apply circumferential prestressing to historic masonry structures

. . . table testing. Similar studies were conducted by Hamoush et al.
were developed first by Triantafillou and Far.ajisggs,. 1997. A (2009 on walls strengthened with overlays covering the full ten-
study on the use of epoxy-bonded carbon fiber-reinforced poly-

. oY ! sile zone, as well as with vertical and horizontal strips, and con-
mer (CFRP strips as seismic strengthening elements of masonry e the effectiveness of the FRP systems as out-of-plane flex-
was performed by Schweglel994, who demonstrated the ef- strengthening elements. Tumialan et(@00J) investigated
fectiveness of this technique through full-scale in-plane and out- in-plane shear response of masonry walls strengthened with
GFRP rods embedded into epoxy-based paste near the surface, at
PhD Candidate, Dept. of Civil Engineering, Univ. of Patras, Patras the locations of bed joints.
26500, Greece. . o _ Recently the in-plane response of FRP-strengthened masonry
Associate Professor, Dept. of Civil Engineering, Univ. of Patras, has received a bit more attention than in past years: failure modes
Patlr\lac)iezGgig%ug;srii?\cgbelzr;r?ﬁtli.l gg%?;%ggstlrazg(rﬁ Separate discussion associated with in-plane response of masonry buildings and glo-
must be submitted for individual papers. To extend the closing date bySgs:a:e;%(;rll;seis\{vesrﬁair;alggi b%/eg/lti?:;n g;(agggléhr%iigr?rl;smalls

one month, a written request must be filed with the ASCE Managing . . . .
Editor. The manuscript for this paper was submitted for review and pos- Stréngthened on one side with GFRP fabrics or vertical CFRP

sible publication on March 4, 2004; approved on April 26, 2004. This Strips was performed by Badoux et &002; cyclic loading of
paper is part of thdournal of Composites for Constructionvol. 9, No. walls strengthened with vertical and horizontal GFRP or CFRP
2, April 1, 2005. ©ASCE, ISSN 1090-0268/2005/2-128-135/$25.00. strips were conducted by Fam et §2002 and Marcari et al.

128 / JOURNAL OF COMPOSITES FOR CONSTRUCTION © ASCE / MARCH/APRIL 2005



(2003, supporting the effectiveness of this system; damage
mechanisms of walls strengthened with CFRP strips under cyclic /
loading were studied by Gu et gR003; coupon-size masonry
panels were tested in diagonal compression to simulate in-plane
shear by Valuzzi et al(2002 and Russo et al(2003; and a
strut-and-tie modeling methodology for the determination of op- T T T T
timum location and dimensioning of the FRP strips was devel-
oped by Krevaikas and Triantafilloi2005. I 1 I I
In another field of application, epoxy-bonded CFRP strips
have been bonded to the extrados of vaults and arches, thus pro- o
viding increased capacity against lateral loddgy., Borri et al. "‘20 mm 10 mm 10 mm
(2000; Faccio and Forabosck2000 |. The range of applicability [ ] ]
of FRP has been extended to blast-loaded masonry by Muszynski
and Purcell(2003, Patoary and Tari2003, and Crawford and (@ () ) (@

Morrill (2003, where it was proved that flexible, easy-to-apply rig 1. configuration of masonry walls testeda) square cross
glass, carbon, ofeven better hybrid glass/aramid fabrics offer  gection, corner radius 10 mrth) square cross section, corner radius
interesting solutions. 20 mm; (c) cross section with aspect ratio 1.5:1, corner radius

The above survey of the literature reveals that the application 1 mm; and(d) cross section with aspect ratio 2:1, corner radius
of FRP as a means of increasing the axial capacity of masonry, forg mym

example, through confinement, has not been explored, except in
Triantafillou and Fardi$1993, 1997, through the introduction of

external prestressing, and Valuzzi et@003, through the use of | 5ies specimens with square cross sedgispect ratio J, corners
horizontally placed near-surface-mount@d the bed joints FRP rounded at 20 mm, and wrapping with two layers of carbon fab-
strips. Despite the great potential of FRP-based confinement,iics: G51.5 R10 denotes specimens with cross dimensions of as-
which has received substantial attention in concrete structures,pect ratio 1_.5, corners rounded at 10 mm, and wrapping with five
and despite the urgent need to develop effective methods of Matayers of carbon fabrics. For specimens without wrappicmn-
sonry confinement as a means of preventing catastrophic failurestroh, FN is denoted as Co. The number of identical specimens
for gxample, during earthqugke; or even due to creep effects,. NOested was either two or thrésecond column in Table)1
studies have been reported in this area, namely, masonry confine-  The configurations described above allow investigation of the
ment through FRP wrapping. It is this gap that the writers intend (e of various parameters in the effectiveness of FRP jacketing as
to fill in this study, through both experimental and analytical de- 5 means of confining masonry; these parameters include the as-
velopments. pect ratio of the cross section, the radius of rounding at the cor-
ners, the type of fibers, the number of layers, and the stiffness/
strength characteristics of the jacket.
Experimental Program Before wrapping the FRP sheets, masonry surface defects were
filled with epoxy putty. A layer of epoxy resin was next applied
on the surface of each specimen, and then wrapping of the sheets
was applied with the fibers in the hoop direction. After the wrap-
A total of 42 model masonry column specimens in four series ping of each lap of a fiber sheet, a layer of epoxy resin was
were prepared using clay bricks with dimensions of 55 mm applied and a roller used to remove air voids and allow better
(width), 40 mm (heighy, and 115 mm(length, bonded together  impregnation of the resin. The finishing end of the sheet over-
with a mortar containing cement and lime as binder, at a lapped the starting end by approximately 100 mm. Wrapping of
water:cement:lime:sand ratio equal to 0.9:1:3:7.5 by weight. The the sheets took place after curing the specim@utually the
cross-sectional area of the specimens wasXl155 mm (aspect mortay for at least one month in laboratory conditions, and test-
ratio 1:1) in the first two series, 1726115 mm (aspect ratio ing started approximately one month after application of the FRP
1.5:1) in the third, and 23& 115 mm (aspect ratio 2:lin the jackets.
fourth. Each model column comprised bricks placed in seven  The strength of the mortar was determined from compression
rows with six bed joints in between, as shown in Fig. 1. The testing of three 5& 50X 50 mm cubes for each mortar mix;
thickness of mortar was, in general, 10 mm, except in some of the 28-day average strength results were as follows: 2.85, 2.15, 1.93,
head joints, where it was slightly reduced to maintain the desired and 1.98 MPa in series 1, 2, 3, and 4, respectively. The bricks had
cross-section aspect ratio. The corners of all specimens werean average compressive strength of 23.5 MPa, obtained through
rounded using a grinding machine at a radius of 10 mm in the testing six 55-mm long orthogonal prisnfsut from bricks of
first, third, and fourth series, and at a radius of 20 mm in the cross section 48 40 mm. Finally, the following propertie@ver-
second series. Within each series, specimens were wrapped wittage values were provided by the supplier of the fiber sheets:
one, two, or three layers of unidirectional CFRP sheets or with elastic modulus and tensile strength of CFRP jackets=230 GPa
five layers of unidirectional GFRP sheets, applied through the useand 3,500 MPa, respectively; and elastic modulus and tensile
of a two-part epoxy adhesive. strength of GFRP jackets=70 GPa and 2,000 MPa, respectively.
Details about the model columns in each series are given in
Table 1. In this table, each specimen type is given the notation
FN_A_RX, where F=fiber typgC for carbon and G for glags

Test Specimens and Material Properties

Experimental Setup and Procedure

N=number of layers(1, 2, or 3 for carbon, 5 for glagsA The main objective of testing was to record the axial stress-strain
=aspect ratio of cross-section dimensighsor 1.5 or 2, and X curve and the failure mode of all the masonry specimens, which
=radius at cornergl0 or 20 mm). For instance, C4_R20 de- were subjected to axial loading applied monotonically under a
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Table 1. Specimen Notation and Summary of Test Results

Compressive Normalized Ultimate
strength strength strain Normalized confining stress

Specimen Number of (fmeo) (fme! Tmo) (emud) (ou/ fmo)
notation specimens (MPa) (=) (=) (=)
Series 1

Co1R10 3 12.07 1.000 0.0018 0.000

Cl11R10 3 13.63 1.129 0.0190 0.328

C21R10 2 16.92 1.402 0.0223 0.656

C31R10 3 25.42 2.106 0.0373 0.984

G51R10 2 40.00 3.314 0.0644 1.484
Series 2

C11R20 2 16.87 1.398 0.0255 0.429

C21R20 2 23.91 1.981 0.0375 0.858

C31R20 2 34.69 2.874 0.0529 1.287

G51.R20 2 44.87 3.717 0.0623 1.941
Series 3

Co1.5R10 3 6.65 1.000 0.0045 0.000

C21.5R10 3 11.90 1.789 0.0093 0.833

C31.5R10 3 17.29 2.600 0.0485 1.250

G51.5R10 3 24.37 3.665 0.0690 1.885
Series 4

Co2R10 3 6.21 1.000 0.0044 0.000

C22R10 2 11.79 1.899 0.0102 0.579

C32R10 2 12.00 1.932 0.0340 0.869

G52 R10 2 17.81 2.868 0.0604 1.310

displacement control mode in a compression testing machine ofcracks was crushed. This continued until the lateral expansion
1,200 kN capacity. Loads were measured using a load cell, andreached the capacity of FRP, which failed by fracture at the cor-

displacements were obtained using external linear variable differ- ners[Figs. c and d].
ential transducergLVDTs) mounted on the walls, at a gauge

length of 200 mm in the middle part of each specimen. Discussion of Results

By examining the stress-strain curves and the results given in
Experimental Results and Discussion Table 1 in terms of strength and ultimate strain, the following

observations can be made:

General FRP jackets can significantly enhance both the

Stress-Strain Behavior, Strength and Deformability,
and Failure Modes

The stress-strain diagrams for series 1, 2, 3, and 4 are presented in

Figs. 2-5, respectively. It can be observed that in all cases the sor
diagrams are nearly bilinear, with a curved transition curve be- s
tween the two linear parts; no descending branch was recorded. ,\
The first linear part of the diagrams is similar in most cases, 40 SN
whereas the second linear part depends very much on the cross-
section aspect ratio, the corner radius, and the jacket characteris-
tics, becoming steeper and longer as the number of layers or the
radius at the corner increases. The average values of axial
strength(peak stress in the stress-strain diagraand ultimate
strain in each series of identical specimens are given in the third
and fifth columns, respectively, of Table 1.

The control specimens failed in a brittle manner by the forma-
tion of vertical cracks through the head joints and the bricks 10
[Figs. Ga and B]. Despite the fact that material properties were
quite similar, specimens with square cross sectisesies 1 and
2) were stronger but failed at lower strain compared to those with 0 . I R N |
a cross-section aspect ratio of 1.5 dis2ries 3 and ¥ The failure 0.00 0.02 0.04 0.06 0.08 0.10 0.12
modes of FRP-wrapped specimens were identical in all cases. Strain (-)

After their formation through mortar joints and bricks, vertical
cracks became increasingly wide and the masonry between the

-~ Co_1_R10
— C1_1_R10
e C2_1_R10
— C3_1_R10
- G5_1_R10

w
o

N
(=]

Stress (MPa)

Fig. 2. Stress-strain curves for specimens in Series 1

strength and the deformability of masonry under axial load. Con-
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Fig. 3. Stress-strain curves for specimens in Series 2 Fig. 5. Stress-strain curves for specimens in Series 4

finement effectiveness for strength, defined as the ratio of peak@P0ut 25-40% with CFRP jackets and by about 12% with the
stress of FRP-confined masonry to that of the unconfined ma-Very thick GFRP jackets. Hence the beneficial effect of increasing

sonry, exceeded &ourth column in Table I Enhancement in  the corner radius was verified.

deformability was much more pronounced than gain in strength, ASPect ratio Due to the large difference in control specimen
as the ultimate strain of confined masonry exceeded that of un-Strength and ultimate strain values between series 1 and 3 or 4, a
confined masonry by a factor of more than 30. direct comparison of the results for all three aspect ratios is not

Number of layersin most cases, particularly when the cross- POssible. However, this comparison can be made between series 3
section aspect ratio was 1, strength and deformability increased@nd 4, where it is observed that for all cases but omieen two
almost linearly with the number of layers. In specimen Series 1, layers of CFRP were usgdthe reduction in confinement effec-
strength increased by about 13, 40, and 110%, and ultimate strairf'VéNess when the aspect ratio becomes 2 from 1.5 is about 20—
by a factor of 10, 12.5, and 20, for one, two, and three layers of 25% for strength and about 10-20% for strain. o
CFRP. The respective increases in Series 2 were 40, 100, and 1YPe of fibersAs far as axial stiffness in the hoop direction is
185% for strength and by a factor of 14, 21, and 29 for ultimate concerned, five layers of GFRP fall somewhere between two and
strain. In Series 3, strength increased by 80 and 160% and ulti-three layers of CFRP. Yet the effectiveness of GFRP jackets with
mate strain by a factor of 2 and 10 for two and three layers of five layers was superior to that of CFRP, even compared with the
CFRP. In Series 4, strength increased by about 90 and 95% andhree-layer CFRP jacket. This proves that the higher deformability

ultimate strain by a factor of 2.5 and 7.5 for two and three layers Of glass fibers, compared to carbon, makes them more effective as
of CFRP, respectively. jacketing materials if comparisons are made for the same stiff-

Corner radius When the corner radius was increased from N€sSS.

10 to 20 mm(Series 1 versus Serie$, 2he strength increased by Overall, it may be argued that the response and failure of
axially loaded masonry confined with FRP has many characteris-

tics similar to those of concrete. Hence, the development of a

50T confinement model could be based on existing knowledge of and
Co_1.5_R10 experience with concrete. This model is attempted in the next
-------- C2_1.5_R10 section.
40 — C3_1.5_R10
i - - GS1.5.R10 Confinement Model

= 0r PN The basis of the FRP contribution to the strength and deformabil-

= - IO ity of confined masonry is, by analogy to confined concrete, the

2 20k /,,:—:Z e ‘ transverse passive pressuredeveloping in the masonry in re-

& Pk ! sponse to the jacket forces. This pressure is, in general, nonuni-
form, especially near the corners of rectangular cross sections. As
an average value far, in a cross section with dimensioibsand
h, one may write(Fig. 7)

opto 1 (2t 2t b+h
0 o, o | 0|:—I'h2 IbZE‘%(FfEfsf*'FfEfo) :ke—( oh )thfsf
0.00 0.02 0.04 0.06 0.08 0.10 0.12 (1)
Strain (-)

Fig. 4. Stress-strain curves for specimens in Series 3

where E;=elastic modulus of FRPg;=circumferential FRP
strain;t;=thickness of FRP; ankl,= effectiveness coefficient. For
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Fig. 6. Failure modes of unconfined and FRP-confined masof@yvertical cracking in specimens with square cross sectibnyertical
cracking in specimens with cross section aspect ratio (2)lfracture of CFRP at corner; ar{d) fracture of GFRP at corner

I
Juny B b
O :éﬁe,h "
—_  /
b g «—-Dhn=h-2r, Confined
= . " . masomy
(@) (b) (©

Fig. 8. Effectively confined masonry in columns with rectangular
Fig. 7. Average confining stresses in rectangular cross sections cross section
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continuous FRP jackets with fibers in the direction perpendicular 40 5
to the member axisg, is defined as the ratio of the effectively 1

confined aredA. in Fig. 8) to the total cross-sectional arég as 3‘5“_
follows [e.g.,fib (200D 30
b/2 + h/2 2'5:
ke=1- W 2 ]

= 20 Best fit

Compressive failure of FRP-confined masonry occurs when the ¢ 1
FRP jacket fractures at a hoop stress equal to the hoop tensile 15
strength, f;,, which is in general less than the uniaxial tensile 1
strength of FRRdue to the multiaxial state of stress, stress con- |
centrations, et¢. Hence the confining stress at failure,, is 05 -
given by Eq.(1) with E;e; replaced byf;.:

1.0

0.0 T T T T T T T T T 1
b+h 0.0 0.5 1.0 15 20 25
( bh )tfffe (3) o /f

lu Mo
The model proposed here for FRP-confined masonry is basedFig. 9. Normalized compressive strength of confined masonry in
on the well-known form of models typically adopted for FRP- terms of lateral confinement
confined concretgsee, for instance, De Lorenzis and Tepfers
(2003 for a comparative study of confinement models

) £pue = 0.005 + 0,034 )

0'Iu:ke

(4) Mo
Hencek, in Eq. (5) may be taken equal to 0.034, so that the
proposed model for ultimate strain is as follows:

fame= fMo<l + kl?-i
Mo

Oy
EMuc= EMuo+ Ko 5
Mue™ P 2fMo © EMuc= Emuot 0.03 ;’Iu 9
M
where fy.=compressive strength of confined masonfyj, °

=compressive strength of unconfined masorsy;,.=ultimate
strain of confined masonry,,,=ultimate strain of unconfined
masonry; and,, k,=empirical constants. Experimental evidence
both for concrete and for masonry confined with low volumetric
fractions of transverseconfining reinforcement suggests that for
very low values of the confining stress the confined compressive ]
strength does not exceed the unconfined value. Hencé4Ecan Conclusions
be rewritten as follows:

Note that the line plot of Eq9) maintains the slope of the best fit
(solid line in Fig. 10 but is shifted slightly downward, so that the
intersection with the vertical axis becomes equal to the uncon-
fined strainey,,, (dashed line in Fig. 10

Confinement of masonry with FRP has not been investigated in
o the past. This study presents an experimental investigation on the
fuc= fMo(a + klf_) =< fmo (6) behavior of axially loaded short masonry columns confined with
Mo FRP jackets, followed by the development of an analytical model
with a <1 to ensure continuity ofy,. at the level of confining  for the prediction of confined strength and ultimate strain. Four
stress beyond whichy.= f,.
The aforementioned confinement model for masonry is defined
fully by determining the empirical constanks, k, and o« from 0.08 ~
testing. Test data obtained in this study for the ratio of confined to

unconfined strengthfy,./ fyo, in terms of the normalized confin- 0077

ing stressg,/fy, (see last column in Table) Are plotted in Fig. 0.06
9. The best-fit linear equation to these data resulted=0.6 and
k;=1.65. Substituting these values in E@) and taking 0.05 Best fit

fmc! fmo=1, the ratioo,/fy, becomes equal to 0.24. Hence the .
proposed model for strength, shown by the solid lines in Fig. 9,is ™, 0041

written as follows: G 003 Model
O- -
fue=fuo if f—' <0.24 (7a) 002
Mo 0014 7
,‘; EMuo
Oy < O 0.00 T T T T T T ,
fue=fuwol 0.6 +1.65— | if — =0.24 (7b) 0.0 05 1.0 15 20 25
Tmo Mo o /f

The experimental data for the ultimate axial strain of confined _ ) ) ) i .
MasoNMY,eyye iN terms ofay,/fye, are plotted in Fig. 10. Again, Fig. 10. Ult!mate compressive strain of confined masonry in terms of
Jlateral confinement

the best-fit linear equation to these data was obtained as follows:
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