Materials and Structures
DOI 10.1617/s11527-006-9207-8

ORIGINAL ARTICLE

Textile-reinforced mortar (TRM) versus FRP
as strengthening material of URM walls: in-plane

cyclic loading

Catherine G. Papanicolaou -
Thanasis C. Triantafillou - Kyriakos Karlos -
Myrto Papathanasiou

Received: 10 June 2006/ Accepted: 25 October 2006
© RILEM 2006

Abstract In this study the application of a new
structural material, namely textile-reinforced mor-
tar (TRM), as a means of increasing the load
carrying capacity and deformability of unrein-
forced masonry walls subjected to cyclic in-plane
loading is experimentally investigated. The appli-
cation of externally bonded TRM is considered in
this work as an alternative method to the applica-
tion of fiber-reinforced polymers (FRP). Hence,
the effectiveness of TRM overlays is evaluated in
comparison to the one provided by FRPs. Medium-
scale tests were carried out on 22 masonry walls
subjected to in-plane cyclic loading. Three types of
specimens were used: (a) shear walls; (b) beam-
columns; and (c) beams. The parameters under
investigation included the matrix material (mortar
versus resin), the number of textile layers and the
compressive stress level applied to shear walls and
beam-columns. Compared with their resin-impreg-
nated counterparts, mortar-impregnated textiles
may resultin generally lower effectiveness in terms
of strength, but in much higher in terms of
deformability. From the results obtained in this
study it is believed that TRMs hold strong promise
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as a solution for the structural upgrading of
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1 Introduction and background

A number of drawbacks associated with fiber-
reinforced polymers (FRP) as strengthening mate-
rials of masonry structures are summarized by the
authors in [1]. These drawbacks are attributed
mainly to the use of organic binders (resins) and
are repeated here for the sake of completeness: (a)
poor behavior of resins at temperatures above the
glass transition temperature; (b) relatively high
cost of epoxies; (c) potential hazards for the manual
worker; (d) difficulty to apply FRPs on wet surfaces
or at low temperatures; (e) lack of vapor perme-
ability; (f) incompatibility of epoxy resins and some
substrate materials (e.g. clay); and (g) difficulty to
conduct post-earthquake assessment of the damage
suffered by the masonry behind the FRP. In
addition, certain properties of clay masonry, such
as the porosity and surface unevenness and/or
roughness, which affect the epoxy-brick bond
behavior, as well as restrictions related to inter-
vention strategies for historic masonry buildings
(e.g. requirements for reversibility), may possibly
inhibit the success of FRP application.
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One possible solution to the above problems
would be the replacement of organic binders with
inorganic ones, e.g. cement-based mortars. These
cementitious composites have a relatively long-
term record in structural engineering, especially
in the development of thin section products [2],
but they fail to ensure the efficient use of
continuous fibers, due to poor bond conditions.
These conditions could be improved and fiber-
matrix interactions could be made tighter when
continuous fiber sheets are replaced by textiles.
These materials comprise fabric meshes made of
long woven, knitted or even unwoven fiber
rovings in at least two (typically orthogonal)
directions. The density, that is the quantity and
the spacing, of rovings in each direction can be
controlled independently, thus affecting the
mechanical characteristics of the textile and the
degree of penetration of the mortar matrix
through the mesh openings (which in turn deter-
mines the degree of the mechanical interlock
achieved).

Although research on the use of textile meshes
as reinforcement of cementitious products com-
menced in the early 1980s, developments in this
field progressed rather slowly until the late 1990s.
But during the past five years or so, the research
community has put a considerable effort on the
use of textiles as reinforcement of cement-based
products, primarily in new constructions (e.g.
[3-7]). In the field of strengthening, textiles
combined with mortars were used recently as
external reinforcement of concrete: by [8-10] for
flexural and shear strengthening; by [11, 12] for
shear strengthening; and by [11, 13] for confine-
ment. Finally, textiles combined with mortars
were used recently as a means of increasing the
strength of masonry, either in diagonal compres-
sion [14] or in uniaxial compression through
confinement [15, 16].

As described in [1], the authors tested under
cyclic loading conditions, for the first time,
masonry walls strengthened on both sides with
textile-reinforced mortars (TRM), and they com-
pared the efficiency of TRM jackets with their
FRP counterparts. Additional comparisons were
also made with respect to near-surface mounted
(NSM) reinforcement. The authors concluded
that TRMs comprise an extremely promising

solution for the structural upgrading of masonry
walls under out-of-plane loading. The results
concerning in-plane loading are presented in the
present study.

2 Experimental program
2.1 Scope and method

The main objective of the experimental program
was to provide a better understanding on the
effectiveness of externally bonded TRM as
strengthening materials of unreinforced masonry
walls subjected to in-plane cyclic loading. The
investigation was carried out on three series of
medium-scale, single-wythe, fired clay brick wal-
lettes composed of running bond courses: (a)
Series A (shear walls) specimens measured
1,300 mm in height and 800 mm in width
(Fig. 1a); (b) Series B (beam-columns) specimens
measured 1,300 mm in height and 400 mm in
width (Fig. 1b); and (c) Series C (beams) speci-
mens measured 400 mm in height and 1,300 mm
in width (Fig. 1c). All specimens were con-
structed in the laboratory by an experienced
mason using perforated bricks (185 x 85 x

1300 mm
1300 mm

(a) (b)

400 mm —

1300 mm

(c)

Fig. 1 (a) Series A specimens; (b) Series B specimens; (c)
Series C specimens; and (d) 6-hole clay bricks
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60 mm—Fig. 1d), with the perforations running
in parallel to the unit’s length. For all walls, the
first row of bricks was laid on a 10 mm thick
horizontal layer of mortar and all joints (bed and
head) were approximately 10 mm thick.

Two major parameters were considered in the
investigation, namely the use of inorganic mortar
versus resin-based matrix material for the textile
reinforcement and the number of textile layers
(one or two layers, applied on both sides). Testing
of Series A and B specimens aimed to investigate
also the effect of the axial compressive load level
exerted on the walls simultaneously with the in-
plane load applied in the transverse direction.
Finally, for Series A specimens only, the effec-
tiveness of near surface mounted carbon-fiber
reinforced polymer (CFRP) strips placed along
bed slots, in comparison to textiles, was also
explored. All specimens, but the control ones of
Series B and C, were tested under cyclic in-plane
loading.

It is noted that the strengthening schemes
applied on wall specimens for the purpose of this
study were selected in order to provide useful
conclusions on the relative performance of TRM
versus FRP jackets and were not necessarily
meant to account for realistic fiber quantities,
which, in real interventions, could be optimized
according to the design requirements.

2.2 Test specimens and materials

All specimens were constructed using ridge-
faced, 6-hole, horizontally perforated clay
bricks, supplied by a local manufacturer, and a
general purpose masonry cement mortar. Series
A included six different designs: the control
specimen (without strengthening); two speci-
mens each symmetrically (on both sides)
strengthened with one or two layers of textile
bonded with a commercial polymer-modified
cement mortar; their counterparts, in which
textiles were bonded with a two-part epoxy
adhesive; and a specimen with five NSM CFRP
strips per side, placed along slots formed in
every third bed joint (starting from the third
one from the wall’s base). Two identical groups
of Series A walls featuring the previously

described designs were constructed in order to
be tested under different compressive stress
levels: a moderate one, at 10% of the wall’s
compressive strength (perpendicular to the bed
joints) and a low one, at 2.5% of the compres-
sive strength.

Both Series B and C included four different
designs each: the control specimen (without
strengthening); two specimens each symmetri-
cally strengthened with one or two layers of
textile bonded with a commercial polymer-mod-
ified cement mortar; and one specimen symmet-
rically strengthened with one layer of textile
bonded with a two-part epoxy adhesive. Four
specimens of Series B were tested under a
moderate compressive stress level, corresponding
to 10% of the wall’s compressive strength
(perpendicular to the bed joints), whereas three
additional specimens (the control and two oth-
ers, each symmetrically strengthened with one or
two TRM layers) were tested under a higher
compressive stress level, at 25% of the wall’s
strength. All specimens in Series C were tested
without axial loading. A total of 22 specimens
were tested.

Specimens are given the notation Y_XNg,
where Y denotes the specimens’ Series (A, B or
C), X denotes the type of binder used (M for
mortar and R for resin), N denotes the number
of layers (1 or 2) and the subscript > denotes
the axial compressive load level (2.5% or 10%
for Series A and 10% or 25% for Series B).
The designations C and NSM5 (in place of XN)
are used to distinguish the control specimens
and the ones receiving five near surface
mounted reinforcement strips on each side,
respectively. All types of specimens tested in
this study are summarized in the first column of
Table 1.

The mean compressive strength of the masonry
units in directions parallel and perpendicular to
the perforations was derived from three compres-
sive tests in each case. The bearing surfaces of the
individual brick specimens were capped using a
self-leveling, rapid-hardening cement mortar. For
directions parallel and perpendicular to the per-
forations, the average values obtained were
8.9 MPa and 3.7 MPa, respectively.

-
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Table 1 Summary of test results

Specimen Peak load Displacement at Prox Oy Cumulative dissipated Failure mode
notation (kN) failure® (mm) max,.C - %uC  energy (kN mm) (Failure direction)
Push Pull  Push Pull
Series A Cycle 5 Cycle 10
A_Cioo 635 574 0.69 0.65 1.00 1.00 - - Rocking (Push)
A_Rlyge 4211 4016 9.28 8.12 7.00 12.49 97.65 537.51 FRP fracture (Pull)
A_R2¢e 4431 4321 1752 7.71 6.98 10.90 86.12 669.79 Toe crushing (Push)
A_Mlg9, 3223 3052 9.29 9.39 5.08 13.46 94.81 474.36 Toe crushing (Push)
A_M249, 39.18 3625 9.36 9.00 6.17 13.57 103.64 583.00 Toe crushing (Push)
A_NSMS5,9o, 647 635 0.85 0.66 1.02 1.23 - - Rocking (Push)
A_Cys9 195 183 0.70 0.75 1.00 1.00 - - Rocking (Push)
A_R1; 59 3748 39.92 793 8.38 1922 11.33 67.58 350.91 FRP fracture (Push)
A_R2; 59, 49.56 5334 8.00 . 2542 1143 91.71 435.22 Toe crushing (Push)
A_M1, 50, 2527 2429 11.44 10.37 13.27 13.83 83.44 365.39 Toe crushing (Pull)
A_M2,59, 3552 3625 924 9.03 1822  13.20 79.66 416.26 Toe crushing (Push)
Series B Cycle 2 Cycle 3
B_Css9, 1920 - 2.05 - 1.00 1.00 - - Flexure
B_Ml;s9, 46.14 33.45 326 4.04° 2.40 1.59 31.98 92.45 Crushing® (Push)
B_M2;54, 47.61 4321 443 427 2.48 2.16  41.07 137.18 Crushing? (Push)
B_Cio% 1591 - 0.80 - 1.00 1.00 - - Flexure
B_R1p9, 48.57 40.65 221 324 3.05 276 3792 104.66 Crushing? (Push)
B_M1q9, 4174 3110 5.18 6.79 2.62 6.48 34.46 88.67 Crushing® (Push)
B_M2,9, 60.13 4729 5.12 5.56 3.78 6.40 37.48 103.40 Crushing? (Push)
Series C Cycle 2 Cycle 3
C_C 824 - 0.82 - 1.00 1.00 - - Flexure
C_R1 58.62 49.69 2.08 3.45 7.11 2.54 4334 118.17 Crushing? (Push)
C_M1 38.82 31.98 941 10.72 471 11.48 50.77 118.72 TRM debonding (Push)
C_M2 58.84 46.14 241 2.82 7.14 294 5423 139.21 Crushing? (Push)

# Displacements are measured at top for Series A and at mid-span for Series B and C; for specimens which displayed
rocking (A_Cigo, A_Cs 50, and A_NSMS5;q9,) J,, corresponds to the point of heel lifting-off of the footing

® A threaded rod (part of the base fixing assembly) failed at pull direction

¢ Failure in the push direction did not permit completion of the displacement cycle; here, J, corresponds to 88% of Pax

4 Brick crushing at mid-span

The cement:lime:sand proportions in the mor-
tar used to bind the bricks were roughly 1:2:10, by
volume, and the water to cement ratio was in the
order of 0.8, by weight. The mortar strength was
obtained through flexural and compression test-
ing according to [17], using a servohydraulic MTS
testing machine. Flexural testing was carried out
on 40 x 40 x 160 mm hardened mortar prisms, at
an age of 28 days. The prisms were: (i) cast in
steel moulds with three identical compartments,
so that three specimens were available for each of
the three days during which the walls were
constructed; (ii) cured in the laboratory until
testing, in conditions identical to those for the
wall specimens; and (iii) subjected to three-point
bending, at a span of 100 mm, with a constant

loading rate equal to 5 N/s. The peak load was
recorded and used for the calculation of flexural
strength. Compression testing was carried out on
each of the fractured parts of the prisms used in
flexural testing, by means of two 40 x 40 mm
bearing steel platens placed on top and bottom of
each specimen part, which was carefully aligned
so that the load was applied to the whole width of
the faces in contact with the platens. The flexural
and compressive strengths obtained from this
procedure were 1.17 MPa and 3.91 MPa, respec-
tively (mean values of all prisms tested).

For the specimens receiving externally bonded
strengthening, a commercial textile with equal
quantity of high-strength carbon fiber rovings in
two orthogonal directions was used (Fig. 2a). The
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Fig. 2 (a) Photograph; and (b) architecture of bi-direc-
tional textile used in this study

fiber rovings were not interwoven, but were
simply placed one on top of the other and
connected through a secondary polypropylene
grid (see Fig. 2b for the arrangement of the
carbon rovings). Each roving was 4 mm wide and
the clear spacing between rovings was 6 mm. The
weight of carbon fibers in the textile was 168 g/m?
and the nominal thickness of each layer (assum-
ing equivalent smeared distribution of the fibers)
was 0.047 mm. The guaranteed tensile strength of
the carbon fibers (as well as of the textile, when
the nominal thickness is used) in each direction
was taken from the data sheets supplied by the
producer equal to 3,350 MPa. The elastic modu-
lus of carbon fibers was 225 GPa.

For the specimens receiving mortar as binding
material, a commercial inorganic dry binder was
used, consisting of cement and polymers at a ratio
of 10:1 by weight; the binder to water ratio was
3.3:1 by weight. The resulting consistency was
plastic providing good workability, such that
application on vertical surfaces using a trowel
was easily achieved. The workability retention
period was approximately half an hour in ambient
temperature (20°C). The binder’s flexural and
compressive strengths (5.77 MPa and 31.36 MPa,
respectively) were obtained following a proce-
dure identical to the one described for the general
purpose masonry mortar, using triplets of mortar
prisms taken on each day textile application took
place. For the specimens receiving adhesive
bonding, a commercial structural adhesive (two-
part epoxy resin with a mixing ratio 4:1 by weight)
was used. According to the product sheet, the
tensile strength and the elastic modulus of the

adhesive (cured for 7 days at 23°C) were 30 MPa
and 3.8 GPa, respectively. The adhesive was pasty
and viscous enough so that complete wetting of
the fibers in the textile was possible by using a
plastic roller.

For the specimen of Series A receiving NSM
reinforcement, grooves were formed along the
bed joints designated to receive the CFRP strips
by scraping-off part of the bed mortar, while the
latter was still in a fresh state. Prior to the
application of the NSM strips, the grooves were
thoroughly cleaned using compressed air and
dampened through water spraying. Then, they
were filled with a fixing cement-based mortar
taking care to avoid air entrapment, and the
strips, which extended the full length of the
specimen, were inserted in the grooves (seated on
face) until full embedment was achieved. Finally,
any excess fixing mortar was removed and the
grooves’ face was made even with the face of the
wall using a trowel. The fixing mortar comprised a
three-part material consisting of epoxy resin
suspensions, cement and supplementary cementi-
tious materials. Its consistency allowed for verti-
cal application, whereas its compressive and
flexural strengths (as provided by the producer
data sheets) were 40 MPa and 9 MPa, respec-
tively.

Commercially available tape-like CFRP strips
specifically designed for NSM strengthening were
used. The strips with a cross section of 2 x 16 mm
were furnished in 76 m long spools and consisted
of carbon fibers in a bisphenol epoxy vinyl ester
resin matrix. The elastic modulus and volumetric
ratio of carbon fibers in the CFRP strips were
equal to 225 GPa and 40%, respectively. The
guaranteed tensile strength, the elastic modulus
and the ultimate strain of the CFRP strips were
taken from data sheets of the producer equal to
2,070 MPa, 125 GPa and 0.17%, respectively. For
the sake of scaling down, each NSM strip was cut
in two pieces (along the length) using a thin saw;
the resulting strips had a width of 7.5 mm.

In order to avoid premature failure due to
handling and positioning of the unjacketed spec-
imens (that is the control and the one with NSM
strips), a 15 mm thick plaster layer was applied on
their faces following a double-coat procedure: the
undercoat was forcefully thrown on the damp

-
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masonry surface (using a hand-held trowel), in
order to improve adhesion, and the second coat
was applied while the first one was still fresh but
relatively firm. The commercial dry cement-based
mix used for plastering had a 28-days compressive
strength of approximately 4 MPa.

The application of the textile layers was carried
out ‘“‘as usual”, that is following a procedure
similar to the one applicable for conventional
FRP interventions. Each specimen was first
ground at points where mortar was protruding
from the brickwork face and brushed clean; then,
dust and any loose particles were removed with
high air pressure and, finally, the textile sheets
were bonded on both sides of the wall (covering
the entire surface of each side) by implementa-
tion of a standard wet lay-up procedure. The
procedure included the following steps: (i) appli-
cation of the bonding agent (either epoxy or
mortar) on the wall surface (which was dampened
for specimens receiving mortar); (ii) bonding of
the textile by hand and roller pressure; and (iii)
application of the bonding agent in between
layers (in case of two layers), while the previous
layer was still in a fresh state, as well as on top of
the last textile sheet. Mortar was applied in
approximately 2 mm thick layers, using a smooth
metal trowel, and the textile was slightly pressed
into the mortar, so that mortar protrusion through
all the perforations between fiber rovings was
ensured. Curing of the bonding agents was
achieved in room conditions. A typical photo-
graph of the application method of textile sheets
combined with mortar binder on wall specimens
is shown in Fig. 3.

In order to measure the compressive strength
of the walls in directions parallel and perpendic-
ular to the bed joints, six small wall assemblages
were constructed and tested under monotonic
uniaxial compression (three specimens were used
for each loading direction). These two bricks long
by six bricks high masonry prisms, measuring
390 x 85 x 420 mm (length x width x height),
were constructed using the same bricks, mortar
and bond type (that is running bond) as for the
rest of the specimens used in the experimental
program. It should be noted that all types of wall
specimens (including wall prisms) were con-
structed and tested during the same time spans.

Fig. 3 Application of the textile reinforcement onto the
cementitious mortar

The surfaces of the prisms which were in
contact with the testing machine’s platens were
capped using a normal strength cement mortar, in
order to ensure a uniform load transfer. The
compression tests were carried out in displace-
ment control mode at a constant loading rate
equal to 0.1 mm/s, using a 4,000 kN loading
capacity testing machine. Loads were measured
from a load cell and displacements were obtained
using external linear variable differential trans-
ducers (LVDTs) with a stroke of 5 mm. The
LVDTs were mounted at mid-height, at a gauge
length of approximately 130 mm. The mean
values of the compressive strength, secant mod-
ulus of elasticity (at maximum stress) and ulti-
mate strain derived from compressive loading
parallel to the bed joints were 4.3 MPa, 1.94 GPa
and 0.22% respectively. The corresponding values
for compressive loading perpendicular to the bed
joints were 2.0 MPa, 1.70 GPa and 0.12%, respec-
tively.

As expected, due to the different strength
characteristics of the masonry walls in two
orthogonal directions (perpendicular and parallel
to the bed joints), the uniaxial strength of the
walls in these directions was found to be different.
More specifically, failure due to loading parallel
to the bed joints was brittle as a result of crushing
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of the outer brick cells. For compression perpen-
dicular to the bed joints, failure was less sudden
than for the previous case and was manifested
through vertical cracks running along the height
of the walls, crossing the bed joints.

2.3 Test set-up, instrumentation
and procedure

All specimens were subjected to cyclic in-plane
loading using a stiff steel frame, except for the
control ones in Series B and C (B_Cjpo, B_Css9,
and C_C), which were tested monotonically.
Series A specimens were tested as vertical canti-
levers with a concentrated force at the top, at a
distance of 1.10 m from the fixed base; Series B
and C specimens were tested as horizontal beams
in three-point bending, at a span of 1.17 m and
1.12 m, respectively.

The test set-up for Series A specimens (shear
walls) is shown in Fig. 4. Fixing of the walls on the
steel frame along their base was ensured through
encasing their lower rows in a ‘footing’ compris-
ing a set of four steel tubes which were firmly

A

Displ
¢ transducers %
¥

Fig. 4 Experimental setup for Series A specimens

attached on the frame’s base plate. The voids
between the footing and the wall were filled with
epoxy resin (along the wall’s faces) and a non-
shrinking, high strength, rapid-hardening mortar
(at the wall’s ends). In order to ensure uniform
load transfer at the top of the walls a steel capping
system was devised; the connection between the
wall and the capping was achieved by the same
means as for the connection between the wall and
the footing. The load was applied using a
horizontally positioned 250 kN MTS actuator
which was connected to the capping system
through a pair of threaded rods (22 mm in
diameter). The vertical force exerted on the
specimens at the position where the actuator
was mounted on the capping system, due to the
actuator’s self-weight, was balanced by a series of
weights which were stacked and fixed in position
at the opposite (to the actuator’s) side. The
application of compressive stress corresponding
to 10% of compressive strength was achieved
using a system of two single-acting, low-height
hydraulic cylinders (with a capacity of 120 kN).
Each cylinder was clamped through the use of a
pair of threaded rods between the capping and
the testing frame’s base plate. The hydraulic
system allowed for the regulation and automated
adjustment of the applied pressure to the speci-
fied level and its continuous monitoring through a
digital pressure gauge. The compressive stress at
2.5% of the masonry strength was exerted by
simply stacking and fixing weights on top of the
capping. Five external rectilinear displacement
transducers were used to measure the walls’
horizontal displacements at distance of 0.20, 0.55
and 0.85 m from the fixed support, as well as to
monitor the probable uplift at the base, as shown
in Fig. 4.

Wall specimens of Series B were subjected to
in-plane three-point bending at a total span of
1.17 m, while an axial load was applied on their
outer brick rows and kept constant throughout
the duration of the test. The test arrangement
aimed at reproducing the in-plane flexure/shear
seismic loading of pilasters found in the lower
levels of masonry structures, where axial loads
may be considerable. Two pairs of steel hinges
were placed at each support (along the speci-
mens’ thickness, at top and bottom) and a third

-
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one was placed at mid-span (that is along the load
application line). At least one week prior to
testing, six 100 mm wide and 20 mm thick bands
of high strength mortar had been cast on the
specimens’ bearing areas (three per side), in order
to compensate for any surface unevenness and to
ensure uniformity of load transfer. Attention was
given so that immediate contact of the externally
bonded layers of textile reinforcement and the
load-bearing areas was avoided. For the applica-
tion of the axial load, a hydraulic cylinder
identical to the ones used for Series A specimens
was used, in combination with a custom-made
confining system comprising a pair of horizontally
placed threaded rods. The test set-up for Series B
specimens is shown in Fig. 5. The displacement-
control loading protocol was applied using a
vertically positioned 500 kN MTS actuator and
displacements were measured at mid-span using
an external rectilinear displacement transducer
(of 25 mm stroke capacity) mounted at mid-
height of the specimens. Data from the load cell
and the displacement transducers (the piston’s
and the external one) were recorded using a fully
computerized data acquisition system. The result-
ing load—mid-span displacement and load—
piston displacement loops were generated by the
system in real time.

The test set-up for specimens in Series C was
practically identical with that in Series B, except
that no axial loading was applied and the span
was slightly different (1.12 m). For these speci-

Fig. 5 Experimental set-up for Series B and C specimens
(the system for axial load is not applicable for Series C
specimens)

mens, the test arrangement intended to simulate
in-plane flexure/shear loading typically applied in
lintels during seismic excitations.

All specimens, except for the control ones of
Series B (B_Cjgo, B_Css9,) and Series C (C_C),
were tested by applying the load in a quasistatic
cyclic pattern of controlled displacements at a
rate of 0.1 mm/s for specimens of Series A and
0.01 mm/sec for specimens of Series B and C.
Specimens B_Cjg,, B_Cs59, and C_C were tested
under monotonically applied loading, in a dis-
placement control mode at a rate of 0.003 mm/s.
The cyclic loading sequence consisted of cycles at
a series of progressively increasing displacement
amplitudes in both directions (push and pull). The
displacement amplitude increment was 1 mm and
a single loading cycle was applied for each
amplitude level, as illustrated in Fig. 6. The test
was run in a fully computerized manner and was
completed (manually terminated by returning the
piston to zero position) when the ultimate capac-
ity of the wall was reached and a considerable
load reduction was evidenced in either direction
(push or pull).

3 Results and discussion

The results are discussed based on the load versus
in-plane displacement response. Peak load values
in the push and pull directions, P, and Pp.,,
displacements at failure, J;; and d;, (defined as the
point of the load versus displacement envelope
curve where either sudden load reduction was

—— Series B & C (strengthened specimens)
- Series B & C (control specimens)

ffffff Series A

Actuator's displacement (mm)
—

0 200 400 600 800 1000 1200
Time (sec)

Fig. 6 Displacement histories (only the first two cycles are
shown)
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detected, or a 20% reduction in load was noted in
specimens with gradual post-peak load reduc-
tion), cumulative energy dissipation capacity,
observed failure modes and loading directions
when failure occurred are given in Table 1, for all
specimens. The displacements recorded in
Table 1 are those at piston position for specimens
of Series A (as extrapolated by the displacement
profile obtained from the three horizontal
displacement transducers), and at mid-span for
specimens of Series B and C. In the load versus
displacement plots (hysteresis loops and envelope
curves), displacement values in the push direc-

tion, that is outward movement of the piston, are
taken positive.

Table 1 also gives the ratios of Ppax/Pmax,c and
Ou/dyc, where P, is the peak load in the
direction where failure was detected first and J,
is the displacement at ultimate (in the respective
direction); Ppax c and J, c are the same values for
the control specimens.

3.1 Series A—shear walls

The load versus top displacement hysteresis loops
for Series A specimens are given in Fig. 7a—i. The
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Fig. 7 Series A results: (a)—(i) Load versus top displacement hysteresis loops; (j)—(k) envelope curves
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Fig. 7 continued

control specimen of Series A bearing a compres-
sive stress equal to 0.2 MPa (that is specimen
A_Cyp,) displayed rocking characteristics as a
follow-up of extensive horizontal cracking near
the base. A nearly rigid body rotation of the wall
was observed, centering on the specimen’s toes
(just above the fixing assemblage), where large
horizontal cracks were formed and run along two
consecutive bed joints. In Fig. 7a, the change in
the slope indicates the points at which the heel
lifted off of the footing (these points also account
for oy and &y, in the push and the pull direction,
respectively). Peak recorded loads were equal to

6.35 kN and 5.74 kN in the push and the pull
direction, respectively, whereas the correspond-
ing displacements (measured at top) were equal
to 0.69 mm (push) and 0.65 (pull).

The response of specimen A_C, 5o, was iden-
tical to the one described above, with the peak
recorded loads being equal to 1.95 kN (push) and
1.83 kN (pull), that is approximately 70% less
than those for specimen A_Cjg,; the displace-
ments at top corresponding to the wall’s uplift
were measured equal to 0.70 mm (push) and
0.75 mm (pull). This type of failure mode in
specimens A_Cygo and A_C, 59, is attributed to



Materials and Structures

the relatively low levels of the axial load applied
and the moderate slenderness of the specimens
(the walls’ aspect ratio, that is the height over
width ratio, was equal to 1.4).

Since rocking was proved to be the predomi-
nant mode of failure of the unreinforced masonry
shear walls, it was not surprising that horizontally
placed NSM reinforcements failed to provide any
load bearing capacity increase. Indeed, specimen
A_NSM5,y¢, failed at a maximum lateral load of
6.47 kN in the push direction (practically equal to
the corresponding value for A_Cg9, specimen),
due to rocking. As shown in Fig. 7a, the load—
top displacement loops for specimen A_NSM5;,
coincide with the ones for specimen A_Cjgo. The
NSM reinforcement would have been able to
enhance the wall’s load-bearing capacity if the
predominant failure mode of the unreinforced
specimens was diagonal tension; in this case, the
horizontally placed strips would have performed
as crack arrestors.

The responses of the two specimens symmet-
rically strengthened with one layer of resin-
bonded textile (A_Rlipy and A_Rl;59,) were
found to be identical in terms of damage
progression and failure mode. More specifically,
during the initial stage of loading (first couple of
cycles) flexural cracking at brick—bed joint
interfaces was detected. During subsequent dis-
placement cycles and until the peak load was
reached, progressive vertical cracking of the
brick webs at the walls’ toes was evidenced,
which was attributed to compression. Following
extensive toe damage (fairly symmetrical in both
the push and pull directions), tensile fracture of
the textile took place (at the furthermost
tensioned side of the specimen) just above the

Fig. 8 Failure mode of
specimen A_R1; 50, (a)
Jacket rupture in tension;
and (b) toe crushing/
jacket buckling in
compression

walls’ base (Fig. 8a); this led to complete
crushing of the toe brickwork under compres-
sion and to the local buckling of the textile at
this point (Fig. 8b), which in turn resulted in
substantial load reduction (Fig. 7b, c). Specimen
A_Rl1yy, failed in the pull direction at a peak
load of 40.16 kN and a top displacement of
8.12 mm, whereas specimen A_RI1, s, failed in
the push direction at a peak load of 37.48 kN
and a top displacement of 7.93 mm. Comparison
of the aforementioned values reveals that the
higher axial load, in walls with single-layer
resin-based jackets, gave a marginally higher
strength (by 7%) and an insignificant increase in
deformability (by 2%).

Specimens A_R2;p¢, and A_R2, 59, (Fig. 7d, e)
responded in a similar way to their single-layer
counterparts, the only differences being in their
stiffer behavior (after flexural cracking at the bed
joints) and the absence of fiber rupture prior to
toe crushing/jacket buckling. Furthermore, due to
the higher uplift recorded for specimen A_R2¢,
(in regards to the rest of the specimens receiving
resin-impregnated jackets), failure for this wall
was rather premature, at relatively low load and
displacement values. Peak loads at failure for
specimens A_R2q9, and A_R2; 5, (both in the
push direction) were recorded equal to 44.31 kN
and 49.56 kN, respectively; top displacements at
failure were equal to 7.52 mm (A_R249,) and
8.00 mm (A_R2,59,). Here the higher axial load
gave marginally decreased values of strength and
ultimate displacement. Compared to single-layer
jackets, the double-layer ones resulted in higher
strength (the difference was about 30% at low
axial load and about 10% at the higher one) and
slightly reduced deformability.

(b)
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Fig. 9 Failure mode of
specimen A_M2,9,: Toe
crushing and jacket
buckling in (a) push and
(b) pull direction

The walls strengthened with TRM jackets
showed no distinct differences compared to those
strengthened with resin-impregnated ones in
terms of damage development and failure mode.
During testing of specimens A_Mlg9, and
A_M1, 50, (Fig. 7f, g), gradual rupture of discrete
fiber bundles took place just above the walls’
base, accompanied by matrix cracking. Textile
rupture was more extensive for specimen
A_M1, 59, than for specimen A_M1,gq,. During
testing of specimen A_M1, 59, and after the first
couple of load reversals, a pattern of evenly
spaced horizontal fine cracks on the wall’s face
was visible near the base. The recorded peak
loads at failure for specimens A_Ml;go, (push
direction) and A_M1l,5¢, (pull direction) were
32.23 kN and 24.29 kN, respectively; top displace-
ments at ultimate were equal to 9.29 mm
(A_Mlyg9,) and 10.37 mm (A_Ml,54). These
values show that the higher axial load resulted in
an increase of the load-bearing capacity (in the
order of 33%) and entailed a small deformability
penalty, in the order of 10%. Compared to their
resin-impregnated counterparts, mortar-impregnated
single-layer jackets resulted in lower effectiveness
in terms of strength but in higher in terms of
deformability. More precisely, the strength was
reduced in specimen A_Mlge (compared to
specimen A_R1jpe,) by 20% and in specimen
A_M1, 59, (compared to specimen A_R1,59,) by
35%; the corresponding increases in deformabil-
ity amounted to 14% and 31%, respectively.

—

Specimens with double-layer TRM jackets
responded similarly to their resin counterparts.
The failure mode (toe crushing) of specimen
A_M2449, is shown in Fig. 9. The load versus
top displacement plots (hysteresis loops are
given in Fig. 7h, i and envelope curves in
Fig. 7j, k) depict the notably reduced stiffness
of TRM jackets in comparison to resin-impreg-
nated ones, due to microcracking of the cement-
based matrix. The recorded peak loads at
failure for specimens A_M2ipe, and A_M2; 50,
(both in the push direction) were 39.18 kN and
35.52 kN, respectively; top displacements at
ultimate were equal to 9.36 mm (A_M2g)
and 924 mm (A_M2,5¢). These values show
that the higher axial load resulted in a marginal
increase of the load-bearing capacity (in the
order of 10%), whereas the deformability
remained practically unaffected. Compared to
single-layer (mortar-based) jackets, the double-
layer ones resulted in higher strength (the
difference was about 45% at low axial load
and 22% at the higher one) and in slightly
reduced deformability.

Compared to their resin-impregnated counter-
parts, mortar-impregnated double-layer jackets
resulted in lower effectiveness in terms of
strength but in higher in terms of deformability.
More precisely, the strength was reduced in
specimen A_M2pe, (compared to specimen
A_R2ipe) by 12% and in specimen A_M2; 5o,
(compared to specimen A_R2;5¢,) by 28%; the
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corresponding  increases in  deformability
amounted to 24% and 16%, respectively.

By comparison of the cumulative dissipated
energies given in Table 1 for the fifth and the
tenth displacement cycles (computed by summing
up the area enclosed within the load versus piston
displacement curves), it is concluded that the
energy dissipation capacity of the TRM-based
strengthening scheme is comparable to the one of
the FRP-based.

Overall, it is concluded that TRM jacketing
was extremely effective. On a strength basis the
effectiveness of TRM versus FRP is lower,
between 12% and 30%, depending on the number
of layers and the level of axial load; but on a
deformability basis, of high importance in seismic
design, it is higher, between 14% and 31%,
depending on the number of layers and the level
of axial load.

3.2 Series B—beam-columns

The load versus mid-span displacement hysteresis
loops and the envelope curves for specimens in

Series B are given in Fig. 10a-d. Both control
specimens (B_Cjso, and B_Cjge,) of this series
failed due to the development of a single flexural
crack which was formed along the bed joint
closest to the mid-span. The crack run along the
brick/mortar interface, indicating that bond
strength in the joints was governed by brick/
mortar adhesion rather than by the tensile
strength of the mortar. Specimen B_C,s¢, failed
at a peak load of 19.2 kN, which was approxi-
mately 20% higher than the peak load (15.91 kN)
recorded for specimen B_Cjpe. Mid-span dis-
placements at failure were equal to 2.05 mm and
0.80 mm for specimens B_C,s¢, and B_Cige,
respectively.

The response of specimens strengthened with a
single layer of TRM jacketing (B_Ml;50, and
B_M1¢9,) during the first couple of displacement
cycles was characterized by flexural cracking
(brick/mortar debonding at bed joints near the
mid-span), as shown in Fig. 11a. In subsequent
piston reversals, gradual cracking of the brick
webs in the compression zones near the mid-span
was detected. The cracks, which run parallel to
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Fig. 10 Series B results: (a)—(c) Load versus mid-span displacement hysteresis loops; (d) envelope curves
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Fig. 11 (a) Flexural
cracking in specimen
B_M1,¢9,, prior to brick
crushing; (b) brick
crushing in specimen
B_R1y99 (photo taken
after removal of the load
application fixture)

the specimens’ longitudinal axis, crossed the bed
joints and resulted in complete compressive
crushing; this was simultaneously followed by
outward buckling of the unsupported jacket.
Failure for specimen B_M1,59, occurred in the
push direction at a peak load equal to 46.14 kN
and a displacement equal to 3.26 mm. The corre-
sponding values for specimen B_Ml;g9, (also
recorded in the push direction) were 41.74 kN
and 5.18 mm. By comparison of the aforemen-
tioned values it can be stated that an increase of
the axial load resulted in a small increase of
strength (by 11%) and in a considerable decrease
of deformability (by 37%).

The response of specimen B_R1;pe (Which
had received a single layer of FRP jacketing)
differed from that of its mortar-based counter-
part only in the fact that during the initial stages
of loading flexural cracking (brick/mortar deb-
onding) was not visible. Otherwise, the damage
sequence was similar to that of specimen
B_Ml,g9, (Fig. 11b illustrates the specimen’s
failure). The peak load at failure was 48.57 kN
(in the push direction) and the corresponding
displacement was 2.21 mm. By comparison to
specimen B_R1g¢,, the TRM-strengthened wall,
displayed a rather small decrease in strength
(equal to 14%) and a very large increase in
deformability, equal to 134%.

For the walls receiving double-layer mortar-
impregnated jackets, failure was attributed to the
same mechanisms as described above (flexural

T

cracking at bed joints followed by brick compres-
sive crushing at mid-span). Specimen B_M2;s5q,
failed under a peak load of 47.61 kN (in the push
direction) and a corresponding displacement of
4.43 mm, whereas the respective values recorded
for specimen B_M2;y0, (also in the push direc-
tion) were 60.13 kN and 5.12 mm. Additionally,
for the lower axial load, double-layer jack-
ets—compared to single-layer ones—resulted in
a substantial increase of strength (by 44%), the
deformability being kept almost identical. How-
ever, for the higher axial load, double-layer
jackets gave a marginal increase in strength (by
3%) but higher deformability (by 36%).

By comparison of the cumulative dissipated
energies given in Table 1 for the second and the
third displacement cycles, it is concluded that, in
general, the energy dissipation capacity of the two
strengthening schemes (FRP versus TRM, spec-
imens B_R1;g¢, versus B_M1ge,) is similar.

3.3 Series C—beams

The load versus mid-span displacement hysteresis
loops and the envelope curves for specimens in
Series C are given in Fig. 12a-d. The control
specimen of this series failed at a peak load of
8.24 kN under a single flexural crack, formed at
the brick-head joint interfaces closest to the mid-
span. Visual inspection revealed that the crack
propagated stepwise through some of the bed
joints (in the longitudinal direction), without
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Fig. 12 Series C results: (a)—(c) Load versus mid-span displacement hysteresis loops; (d) envelope curves

causing fracture of the bricks. The mid-span
displacement at failure was equal to 0.82 mm.

During the first loading cycle of specimen
C_R1, flexural cracks were formed in the vicinity
of the mid-span denoting brick-head joint deb-
onding, the full development of which was
prevented by the jacket. In the subsequent cycles,
limited debonding at the interface between the
external shells of the central bricks and the jacket
was taking place in the compression side of each
cycle (Fig. 13a), resulting in sudden crushing of
the bricks at mid-span, also manifested by a
sudden load reduction (Fig. 12a). Peak load and
mid-span displacement at failure (resulting in the
push direction) were equal to 58.62 kN and
2.08 mm, respectively.

The response of specimen C_M1 (Fig. 12b) was
found to be different from the one of its resin-
impregnated counterpart in the sense that flexural
cracking was more distributed (and visible due to
cracking of the mortar) and debonding at the
interface between the external shells of the bricks
and the jacket (Fig. 13b) was more extensive.
Failure occurred during the ninth displacement

cycle in the push direction, when the bricks in the
compression zone at mid-span crushed. At this
point, the debonded textile area was extending
almost to the edge supports and reached more
than 60 mm along the specimen’s height in both
the push and pull directions. Additionally, a small
fraction of the fiber rovings had ruptured, pro-
viding evidence of the textile’s full mobilization.
Owing to flexural crack spreading, as well as to
both gradual debonding and discrete fiber frac-
ture, the load versus mid-span displacement
envelope curve (Fig. 12d) of specimen C_M1
displayed substantial ductility characteristics.
The maximum recorded load in the push direc-
tion was equal to 38.82 kN and the mid-span
displacement at ultimate was 9.41 mm. In com-
parison with specimen C_R1 (resin-based jacket)
these values correspond to a 34% reduction in
strength but a 350% increase in deformability.
Specimen C_M2 responded in a way similar to
specimen C_R1, failing due to compressive crush-
ing of the bricks at mid-span. The peak load at
failure was equal to 58.84 kN and the corre-
sponding mid-span displacement was 2.41 mm.

-
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Fig. 13 (a) Limited debonding of the jacket and brick
compressive crushing near the mid-span (specimen C_R1);
(b) Flexural cracking (of the wall and the jacket’s

By comparing the results with those for specimen
C_M1, it is concluded that the use of two textile
layers per side, instead of a single one, led to a
strength increase by 52%, which, as expected,
entailed a penalty in deformability, here in the
order of 74%.

Finally, comparison of the cumulative dissi-
pated energies given in Table 1 for the second
and the third displacement cycles leads to the
conclusion that, in general, the energy dissipation
capacity of walls with TRM jacketing is at least as
high as that of walls with FRP jacketing.

4 Conclusions

Based on the response of medium-scale clay brick
shear walls, beam-column type walls and beam
type walls subjected to cyclic in-plane loading, it
is concluded that TRM overlays provide a
substantial gain in strength and deformability.
Compared with resin-based systems, TRMs result
in reduced effectiveness for strength, the magni-
tude of which depends on the type of loading and
on the number of textile layers used. From the
experimental results obtained herein it may be
stated that, in terms of strength, TRM jackets are
at least 65-70% as effective as FRP jackets with
identical fiber configurations. In terms of deform-
ability, of crucial importance in seismic retrofit-
ting of unreinforced masonry walls, TRM
jacketing is much more effective than FRP. The
increased effectiveness is about 15-30% in shear
walls, 135% in beam-column type walls and 350%

mortar) and extensive debonding of the TRM jacket from
specimen’s C_M1 surface

in beam type walls, on the basis of tests conducted
in this study. Moreover, regardless of the matrix
material (mortar versus resin), the strength gen-
erally increases with the number of layers and the
axial load, at the expense of deformability.

From the results obtained in this investigation
the authors believe that TRM jacketing is an
extremely promising solution for strengthening
and seismic retrofitting of unreinforced masonry
walls subjected to in-plane loading. Further study
is needed in order to enhance the experimental
database and to optimize the TRM-based
strengthening system.
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