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Abstract

The paper focuses on finite element (FE) modelling of in-plane response of retrofitted masonry walls when subjected to
quasi-static in-plane cyclic loading. The retrofit technique involves inserting inclined and horizontal stainless steel bars,
already practiced in several historical masonry constructions in Japan. The strength of the pinning technique is ease of con-
struction and it maintains the original appearance of the URM walls. This paper presents a 2D FE model for the retrofit-
ted masonry walls, where continuum elements represent brick units, interface elements represent brick unit/mortar inter-
face, and truss elements represent reinforcing bars. FE model with the proposed simplified equivalent vertical bar model,
to represent the inclined inserted reinforcing bars, is validated by comparisons with the experimental results. It was found
from the experimental and numerical results that retrofitted specimens showed substantial increment in both strength and
ductility and showcased the applicability of the pinning retrofitting technique for historical masonry constructions.

Streszczenie

W artykule skoncentrowano si¢ na modelowaniu elementami skoniczonymi naprawionych $cian murowych poddanych quasi
statycznemu, plaskiemu obcigzeniu cyklicznemu. Technika naprawy, zastosowana w Japonii w réznych obiektach historycznych
o konstrukcji murowej, wymaga wkladania ukoS$nych i poziomych nierdzewnych pretéw stalowych. Zaleta takiej techniki
kolkowania jest latwoS$¢ wykonania oraz zachowanie niezmienionego wygladu $cian bez zbrojenia. W artykule przedstawiono
dwuwymiarowy model elementéw skonczonych dla naprawianych $cian murowych, gdzie elementy ciagle przedstawiajg
poszczegolne cegly, elementy kontaktowe odwzorowuja powierzchnie styku cegly i zaprawy, a elementy kratownicowe przedsta-
wiaja prety zbrojenia. Model elementéw skoficzonych z zaproponowanym uproszczeniem zastapienia pretéw ukoSnych elemen-
tami pionowymi zostal zweryfikowany przez poréwnanie z wynikami badan doswiadczalnych. Na podstawie wynikéw badan
doswiadczalnych i numerycznych stwierdzono, ze naprawione elementy wykazuja znaczacy wzrost wytrzymatloSci i plastycznosci,
co potwierdza mozliwo$¢ stosowania tej metody naprawy w historycznych obiektach o konstrukcji murowej.

Keywords: Masonry; Pinning retrofit technique; In-plane shear load; Finite element modelling; Performance assessment.

1. INTRODUCTION decay and damage [1]. Vulnerability of historical
masonry constructions under earthquake excitations
has been seen in the very recent Italy earthquake [2].
Thereby, there is a strong need for improving the per-
formance of historical masonry constructions.

Historical masonry constructions show considerable
states of degradation due to action of earthquakes and
with the advent of time, undergo constant structural
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Figure 1.

Pinning retrofitting process: (a) Marking of points for drilling; (b) Drilling at marked points; (c¢) Air washing of drilled holes;
(d) Insertion of epoxy resin; (e)Insertion of pin; (f) Retrofitted wall after pin insertion

Recognizing the shortcomings of unreinforced
masonry (URM) walls, there has been a surge of
interest in recent years to develop techniques for
improving their seismic behaviour. Past research
works [3-7] done for improving the seismic perfor-
mance of URM walls involve: (1) attachment of rein-
forcing members, (2) surface treatment, (3) grout
injection, (4) post-tensioning, and (5) reinforced core
technique. The first two techniques usually change
the appearance of URM constructions significantly
and may cease their aesthetic value, which is prob-
lematic especially in retrofitting historical masonry
constructions. Although the rest of the techniques do
not cause significant changes to the appearance of
URM constructions, they have shortcomings. Grout
injection does not improve ductility. The other two
techniques require removal of roof and changes to
existing foundation, which are troublesome from the
viewpoints of construction cost and time. Difficulties
associated with the preservation of historical mason-
ry constructions, durability of strengthening materi-
als, and also restriction on the parts of a construction
to be damaged make the choice of retrofitting tech-
nique more challenging.

To overcome the above difficulties, a fairly effective
retrofitting technique, where inclined stainless steel
bars are inserted into the URM walls, has been
applied to several historical brick buildings in Japan
[8]. Fig. 1 shows an example of procedure involved in

pinning retrofitting technique. As shown in Figs. 1 (a)
to (f), in the retrofitting process, first, points are
marked for drilling. Then holes are drilled diagonally
followed by air washing of drilled holes. Then epoxy
resin is injected for the bonding of reinforcing bars to
the masonry elements. And finally steel bars are
inserted. The preservation of appearance is attained
by inserting steel bars from the mortar joints. The
strength of this technique is ease of construction,
wherein removal of roof and changes to foundation
are unnecessary. This contributes in lower construc-
tion cost and shorter construction period. Since the
stainless steel bars are inserted from the mortar
joints, the retrofit technique maintains the original
appearance of the URM wall. Nonetheless, to the
authors’ knowledge, no numerical modelling has
been performed for the masonry walls retrofitted by
this technique. The authors have previously reported
a finite element (FE) study on pinning retrofitting
technique practiced on walls when subjected to out-
of-plane loading [9]. The present study focuses on the
in-plane shear loading on masonry walls.

This paper develops a simplified 2D FE model for
assessing the seismic performance of masonry walls
retrofitted by inserting inclined stainless steel bars. In
the present model, continuum elements represent
brick units, and interface elements with discrete
crack approach represent brick unit/mortar inter-
faces. For reinforced masonry (RM) walls, reinforc-
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ing bars are represented by truss elements. For 2D
representation of inclined inserted bars, authors have
proposed a simplified equivalent vertical bar model,
as shown in Fig. 2, where model with cross pinning at
45 degree in Fig. 2(a) is represented by a 2D equiva-
lent vertical bar model in Fig. 2(b). The equivalent
vertical bar model facilitates in providing both stabil-
ity as well as reduction in computation burden as
compared to more complex 3D FE model. The pro-
posed FE model is validated by comparisons with the
past experimental results [10]. Also theoretical pre-
dictions are given for understanding the experimental
as well as numerical results from the view point of
collapse mechanisms.

Figure 2.
(a) Cross pinning retrofitting; (b) 2D Equivalent vertical bar
model

2. FE MODELLING

2.1. Masonry wall specimens

Figs. 3 and 4 show the geometry of the URM and RM
specimens respectively. Pinning retrofitting technique
involves insertion of inclined stainless steel bars into
the brick walls diagonally from the mortar joints in the
plane perpendicular to the wall as shown in Fig. 4.
Note that the locations of the reinforcing bars inserted
from one side of the wall were slightly displaced from
those of the reinforcing bars inserted from the other
side of the wall as shown in Fig. 4. The circles in the
figures indicate the front location from where steel
bars are inserted diagonally. Additionally, for RM
specimens, reinforcing bars are also inserted in the
horizontal direction just above and below the opening
on both faces of walls, purely to provide shear resis-
tance and resist diagonal shear cracking of wall.
Effectiveness of bed joints structural repointing to
enhance the shear resistance of masonry walls have
been investigated by numerous previous studies [11-
14]. In the present retrofitting technique, the process
of insertion involves first removal of mortar along the
bed mortar joint level using grinder to make a straight
groove 10 mm thick and 10-15 mm deep. This is fol-
lowed by application of first layer of epoxy resin in the

incision formed. Afterwards reinforcing bar is inserted
and finally a second layer of epoxy resin is applied to
cover the bar sufficiently. It should be noted that the
proposed technique does not show particularly any dif-
ficulty in application.

2.2. Masonry wall model
2.2.1. General strategy

Masonry walls, subjected to in-plane shear loading,
predominantly undergo tensile and shear failure in
mortar joints with very minimal compressive mason-
ry failure. The in-plane response is often governed by
cracking at mortar joints and rocking resistance due
to gravity. Masonry walls can therefore be represent-
ed by simplified interface elements [15] — an
approach that does not distinguish failure of the
brick-mortar interface from that of the mortar layer
itself. Here, a 2D FE model was generated and ana-
lyzed using the DIANA9.3 FE program [16], with
modelling assuming that brick units are fully elastic
and that all material nonlinearity is concentrated on
the unit/mortar interface. For reinforced masonry
walls, reinforcing bars are represented by truss ele-
ments. For 2D representation of inclined inserted
bars, authors have introduced the concept of simpli-
fied equivalent vertical bar model where inclined
inserted bars in a 3D model is replaced by an equiva-
lent vertical bar in a 2D plane as shown in Fig. 2. The
proposed 2D FE model is validated by comparisons
with the experimental results [10]. Rocking resis-
tance due to gravity is considered by including geo-
metric nonlinearity in the analysis.
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Figure 3.
Unreinforced masonry (URM) Specimen
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Figure 4.
Reinforced masonry (RM) Specimen

2.2.2. Brick unit model

A masonry brick unit was modelled using rectangular
continuum elements connected to vertical and hori-
zontal interface elements. An FE model with mesh-
ing for a brick unit is shown in Fig. 5. As stated, brick
units were modelled to be perfectly elastic during the
whole loading history and modelled with four-node
quadrilateral continuum elements. Material proper-
ties used include Young’s modulus, Ey ;4= 20 GPa,
Poisson’s  ratio, vy = 0.15, and  density,
Porick=2000 kg/m3. These material constants were
obtained through compressive tests in masonry
prisms and brick units. Additionally, for the potential
cracks in the bricks, brick crack interface was also
modelled with its location as shown in Fig. 5. A sim-
ple discrete cracking model, where a gap arises if ten-
sile traction normal to the interface exceeds tensile
strength of 2 MPa, was assumed [15]. It should be
noted that we limited the location of brick crack
interfaces along the line of mortar joints so as to limit
number of elements in FE model. Assignment of
zero-thickness interface element meant the length of
reinforcing bar between the two corresponding nodes
to be zero which is undesirable. For this reason, here
brick/mortar interface and brick/crack interface has
an actual thickness of 10 mm representing the thick-
ness of mortar joint. As a result, there exists small
error in the FE geometry but this has very negligible
effect on the final response of specimen.
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Figure 5.
Masonry unit, unit/mortar interface and brick crack inter-
face discretization (shrinked mesh)

2.2.3. Mortar joint model

An entire mortar joint is represented by a brick
unit/mortar interface model implemented in
DIANAY.3 [16] as linear interface elements between
two lines (242 nodes). The constitutive model was a
Coulomb friction criterion with tension cut-off. The
composition of water, cement, sand and lime for the
mortar used was 1:1:6:2. A gap arises if tensile trac-
tion normal to the interface exceeds tensile strength
of 0.2 MPa. A slip occurs if traction parallel to the
interface exceeds shear strength of 0.24 MPa. We
obtained tensile strength through bending tests on
masonry assemblages [17] and shear strength through
shear tests done on masonry triplets [18]. After the
gap forms, tensile traction immediately drops to zero,
representing brittle cracking.

ENVIRONMENT 4/2011
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The model follows classical elastic-plastic formulation:
t=D°Au (M

t={t,t,}T, witht, and 7, normal and shear stress at the
interface and D¢ the diagonal matrix with elastic con-
stants Dy; and D,, . Total relative displacement rate
Au is assumed to decompose into reversible part
Au® and irreversible part AuP:

Au=Au‘+Au" (2)

Au ={Au, Au,}, with Au, and Au, relative normal and
shear displacement across a crack. The following
Coulomb friction yield surface models the fracture:

f=Jt +¢, tan () —c(x)=0 3)

tang(x) is the friction coefficient as a function of
internal parameter k and ¢ (k) cohesion as a function
of internal parameter k. Internal parameter x evolu-
tion is assumed and given by the irreversible relative
displacement component in tangential direction as

l&'=‘Al'ltP ‘ using the following plastic potential surface:

g= \/E+tn tany (4)

The direction of irreversible displacement is given by
plastic potential function g. Uplift is determined by
dilatancy angle ¢/, with AuP = Adg/dt, where A is the
plastic multiplier. Tests on shear triplets [18] deter-
mined shear parameters to be ¢ = 0.24 MPa and
tang = 0.6. The dilatancy angle is tany = 0.6 [15].
Normal and shear interface joint stiffness are
obtained as follows:

EbEm

—__ "b™m Gme
tn(E,~ E,)’

—_ U (5)
1, (G, = G,)

11 22

t, is mortar joint thickness, £y, and E,, are Young’s
modulus of the brick unit and mortar, and G, and G,
are their shear moduli [15]. For this purpose, com-
pressive test on masonry assemblage was done for the
determination of Young’s modulus of elasticity of
brick units (E, = 59.5 GPa) and masonry assem-
blages (Emasonry = 1987 MPa). The elastic modulus of
mortar was then assumed in such a way to reproduce
the global elastic modulus of masonry. The average
maximum compressive strength of masonry assem-
blage was obtained to be 10.35 MPa and the Young’s
modulus of mortar, E,, was computed to be 291 MPa.

4/2011

Using Eq. (5), normal stiffness D;;=30 N/mm? and
shear stiffness D,,=13 N/mm?> are used for the
unit/mortar interface.

Additionally, two special mortar joints are also
included in the modelling. Strong mortar joint just
above and below the horizontally inserted reinforcing
bar to represent the epoxy resin and weak mortar
joint at the interface between the top beam and wall
specimen as shown in Fig. 6. Discrete crack model is
used, where a gap arises if tensile traction normal to
the interface exceeds tensile strength of 4 MPa for
strong mortar joint and 0.05 MPa for weak mortar
joint.

2.3. Reinforcing bar models
2.3.1. Equivalent vertical bar model

The equivalent vertical bar model facilitates in pro-
viding both stability as well as reduction in computa-
tion burden as reported by previous study done by
authors [9]. Application of similar model for in-plane
shear loading condition using an equivalent vertical
bar to represent inclined reinforcing bars is shown in
Fig. 6. Equivalent vertical bars are shown by thick
blue vertical solid lines. Black circles show nodes
where truss and continuum elements are connected.
Material properties are represented by elastic per-
fectly plastic properties adopting Young’s modulus
for steel Eg=210 GPa and yield stress f, = 600 MPa.
It should be noted that fully threaded stainless steel
reinforcing bars (SUS304) were used for retrofitting
to provide good bond strength. Material properties
adopted for the reinforcing bars are based on tensile
tests performed on threaded bars.

To determine the equivalent vertical bar cross-sec-
tional area, we count minimum number n of steel
bars at the wall’s critical section. As shown in Fig. 4,
reinforced specimen has 2 lines of reinforcement, i.e.,
at least 2 reinforcing bars at any horizontal wall sec-
tion. Bars are inclined at a /4 radian to the vertical
axis, so cross-sectional area Ay, of the equivalent ver-
tical bar is computed as Ay, = nA,,, cos(1/4). Ay,, is
the cross-sectional area of each stainless steel bar.

2.3.2. Horizontally inserted bar model

A stainless steel bar is presented by a two-node truss
element with material properties represented by elas-
tic perfectly plastic properties adopting Young’s mod-
ulus for steel E =210 GPa and yield stress
fy = 600 MPa — material constants obtained from ten-
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Finite element (FE) model for RM specimen

sile tests on stainless steel bar specimens 6 mm in
diameter. Similar fully threaded stainless steel bars
(SUS304) were used as horizontally inserted bars.
Green horizontal lines in Fig. 6 represent the hori-
zontally inserted bar in the FE model.

Pull-out tests showed the bond between the reinforc-
ing bar and masonry elements to be stronger than
that of the reinforcing bar for minimum bond length
of 60 mm which is generally met for the retrofitted
specimen as shown in Fig. 4. For this reason, both
ends of each truss element were connected to corre-
sponding nodes of continuum elements representing
bricks and no relative displacement was allowed
between truss element end nodes and corresponding

continuum element nodes. Another important rea-
son for above assumption of perfect bond was to
reduce the model complexity and get better solution
convergence.

2.4. Loading and boundary conditions

The test setup in Fig. 7 has the in-plane shear load
coming at the top section of wall, with constant verti-
cal load of 20 kN at the top. Test arrangement as
shown in Fig. 7 does not allow rotation of the top por-
tion of the wall with pure shear realized through
shear load acting at the centre of the specimen. This
has been simulated in numerical model with a multi
point constraint at the top portion of the specimen
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Figure 7.
Experimental test set up

for horizontal and vertical translational motion,
restraining the rotation of the top portion of wall, to
meet the experimental boundary conditions. A dis-
placement-controlled cyclic load was provided to
make maximum rotation angle 6,,,, of the wall speci-
men equal to =1/500, 1/400, 1/200, 1/100, 1/66, 1/50,
1/33 and 1/20 radian. The authors have limited pre-
sentation of the experimental and numerical results
for URM specimen with rotation angle up to
Omax <1/400 radian and for RM specimen up to
Omax <1/200 radian only since these small deforma-
tion ranges are important for design purposes.
Additionally there were also convergence problems
during FE analysis at large deformation angle that
restricted presentations of numerical simulations up
to above mentioned rotation angles. Readers can
refer to Appendix section of this paper for full exper-
imental cyclic response for URM and RM specimens.

3. THEORETICAL PREDICTIONS

Collapse capacity of reinforced and unreinforced
masonry walls with opening subjected to in-plane
shear load can be effectively predicted assuming the
failure mechanism with designated plastic locations
and computing the rocking resistance based on equi-
librium states [19]. Failure mechanism depends on the
relative strength of element sections with two extreme
cases — (1) Strong pier-weak beam mechanism and (2)
Strong beam-weak pier mechanism. Both these mech-
anisms are illustrated in Figs. 8 and 9.

I O O I e i

3.1. Strong pier-weak beam mechanism

From Fig. 8, with strong pier-weak beam failure
mechanism, following equilibrium conditions for RM
specimen can be obtained from the given free body

diagrams:

From free body T*:
F, =F'+F/ (©)
F =F'+F

From free body A*:

F\'hy=F L+Hh,+w,L/2+F (L, +L,) (7)
From free body B*:

F'h=F;L—Hhy+w,L/2+F (L, +L,) (8)

Solving Eqns. 6, 7 and 8, the capacity of wall is
obtained as follows:

Y =i{FV +w, +F] (L + Ly "L'Lps +Lp4)}
©)

FRURMzi(];vV +Wd)

Here, we consider the capacity only after diagonal
cracking, i.e., contribution of shear strength parame-
ters Q, and Qy, as shown in Fig. 8 (b) has not been

taken into account in the above strength formulation.
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3.2. Strong beam-weak pier mechanism

From Fig. 9, with strong beam-weak pier failure
mechanism, following equilibrium conditions for RM
specimen can be obtained:

From free body O*:
F, =F'+F
R A B (10)
F +wy+4F =F +F;
From free body A*:
Fl'hy=F L+w,L/2 (11)
From free body B*:
Fy'hy=F L+w,L/2 (12)

Solving Eqns. 10, 11 and 12, the capacity of wall is
obtained as follows:

L
FRW:h_(FV +w, +w, +4F, )
B (13)
F™ =2 (F 4y 4w
R h2< v 0 d)

The failure mechanisms and subsequently the resist-
ing force computed using Eqns. 9 and 13 give two
extreme upper and lower bound values. However, the
actual failure pattern and resisting force observed
experimentally is generally between these two cases.
Theoretical prediction made on the basis of experi-
mentally observed final failure pattern has been
shown in Appendix section of this paper with large
deformation results.

4. RESULTS
4.1. URM Specimen

4.1.1. Summary of experimental observations

Experimental cyclic loading history is shown in Fig. 10
where response for maximum rotation angle up to
Omax <1/400 radian is presented. A maximum load of
30.2 kN was observed at the very small rotation angle
just before cracking. After cracking was initiated, brit-
tle failure occurred with an almost constant residual
force of about 20 kN. Here the pre-cracking response
remained almost linear until peak force was observed
and post-cracking mode is dominated by the sudden
drop in resisting force due to brittle failure. An almost
constant resisting force was observed thereafter corre-
sponding to the wall’s shear and rocking resistance.

The presence of opening governed the failure mecha-
nism with diagonal shear cracking originating from the
extreme edges of opening and finally causing rocking
of piers as shown by the dotted lines in Fig. 11 (a).

4.1.2. Comparison with numerical simulation

Comparison is made between experimental and
numerical response in Fig. 10 within the small rota-
tion angle up to 6,,,, <1/400 radian. The numerically
computed and experimentally observed resisting
forces agree well with each other. Numerical
response also shows similar pre-cracking response
with almost linear behaviour up to initial peak
strength. With the completion of pre-cracking, the
specimen in the immediate post-cracking stage shows
significant wall deformation with no real increase in
resisting force with good agreement between the FE
and experimental results. Fig. 11 (b) shows the FE
deformed shape for URM specimen at deformation
angle of 6,,,=1/1200 radian which reflects the
instant when maximum horizontal resisting force is
observed. The contour of colour in Fig. 11(b) repre-
sents the distribution of principal tensile and com-
pressive stresses in FE model.

4.1.3. Comparison with theoretical predictions

Comparisons have been made with two extreme cases
— strong pier-weak beam and strong beam-weak pier
mechanisms as described previously in Sections 3.1
and 3.2. For strong pier-weak beam mechanism, using

Numerical
=== Weak beam =ssue> Weak pier
= =« == Final failure mechamsm

Experimental

Force (KN}

Rotation (rad) %107

Figure 10.
Force deformation comparison for URM specimen for
0,,4:<1/400 radian
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Eqn. 9 with L (=650 mm) the width of pier,
hy (=1330 mm) the height of reaction force from the
point of rotation, F, (=20 kN) the vertical load applied
at the top of the specimen and wy (=5.5 kN) the weight
of pier, horizontal resisting force FR™™ of 12.46 kN is
obtained. The mechanism underestimates the resis-
tance offered by masonry wall as shown in Fig. 10.

For strong beam-weak pier mechanism, the resisting
force FR™M of 24.83 kN is obtained from Eqn. 13
which overestimates the experimental response as
shown in Fig. 10. Here £, (=780 mm), w, (=6.55 kN)
and wy (=3.25 kN) are taken for computation. w, is
the weight of brick wall resting on the rocking pier.
Additionally, prediction based on the final failure
pattern has also been done with failure pattern and
subsequent formulation given in Appendix Section
Al. The resisting force computed from final failure
mechanism gives value of 14.4 kN which again under-
estimates the experimental response as shown in
Fig. 10. Although the reason for this comparatively
lower value of resisting force is unclear, friction is
one possible reason.

4.2. RM Specimen

4.2.1. Summary of experimental observations

Fig. 12 (a) shows the relationship of resisting force
and the rotation angle for RM specimen for small
deformation range of 6,,,, <1/200 radian. In contrary
to URM specimen response, RM specimen showed

higher resisting force and ductility without sudden
decrement in strength, showing the effectiveness of

90 ARCHITECTURE

T.

CIVIL ENGINEERING

Araki

Nagae, VY.

Is

I .4n9
318
227
136

1 .455E-1

B 45561

B 13

I-.227

I-.318

-, 409

I-=

[ |

6,0r <1/400 radian; (b) Numerical simulation for

reinforcing bars inserted. In addition to force defor-
mation history, strains experienced by the reinforcing
bar at two primary locations are shown in Figs. 13 (a)
and (b). Fig. 13 (a) shows strain history for the bar
inserted at an angle of m/4 radian perpendicular to
the plane of wall shown by Strain 1 in Fig. 4 and
Fig. 13 (b) is for horizontally inserted bar; its location
represented as Strain 2 in Fig. 4. Note that strain gage
history has been plotted for small deformation range
of 6., <1/200 radian, representing the instant when
inclined inserted reinforcing bar just started yielding.
The strain gage history shows clearly effectiveness of
both inclined as well as horizontal inserted bars in
providing resistance to shear failure of masonry walls.
The failure mechanism observed is shown in
Fig. 12(b) with mix failure mechanism explained in
section 4.2.2. Diagonal shear failure observed for
URM specimen was prevented for RM specimen.

4.2.2. Comparison with numerical simulation

Comparison is made between experimental and
numerical response in Fig. 12 (a), in terms of force
deformation history within the small rotation angle
up to 6, <1/200 radian. Comparisons between
strain gage histories are shown in Figs. 13 (a) and (b).
Resisting force observed experimentally was slightly
lower as compared to numerically computed value.
The reason is complex and mixed failure mechanism
observed during experimentation; there was signifi-
cant damage in masonry at top portion of wall speci-
men which was not seen in case of numerical simula-
tion. It should be noted that reinforcing bar just start-
ed to yield at this deformation range, hence no sig-
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nificant energy dissipation in case of numerical
results was observed. Good agreements were found
for strain gage histories both for Strain 1 as well as
Strain 2. The location of Strain 1 and Strain 2 in case
of numerical model is shown in Fig. 6. The numerical
model also showed the effectiveness of both inclined
inserted as well as horizontally inserted reinforcing

a
e Experimental ——— Numerical
- ——-Weak beam  =====+ Weak picr
== « == Final failure mechanism
3” H :IIIIIIIrIIIIII'I!
00
40+
5 20
=
o 0
2
o]
200
-40+
=60
.l.l-III-III-I; i
" -3 0 3 6
Rotation (rad) ~ 107
Figure 12.

bar in in-plane shear strength enhancement of
masonry walls with openings. Stress concentration at
the extreme edges of opening, causing diagonal shear
cracking of URM specimen, was prevented for RM
specimen with cracks distributed uniformly showing
evenly distributed load sharing for RM specimen. It
should be noted that noise for the strain gage data

LR =

b =
=l -

r= Vo oy

Response for RM specimen for 6,,,, <1/200 radian: (a) Force deformation comparison; (b) Experimentally observed cracking pattern
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Strain gage history comparison for RM specimen: (a) Strain 2; (b) Strain 1

4/2011 ARCHITECTURE CIVIL ENGINEERING ENVIRONMENT 91



T.

Lw

I

I-1

Figure 14.

I.818

[ 536
.455
273

I .905E-1

I-.9p9E-1

I-.273

I-.455

I-.635

I-.819

Deformed shape for RM specimen at: (a) 8,,,., =+0.003 radian; (b) 8,,,, =-0.003 radian; (c¢) 8,,, =+0.005 radian;

(d) 8,4 =-0.005 radian (Deformation scale = 20)

obtained for Strain 2 persisted even at very small
deformation load steps with maximum step size kept
at 1/1000th of maximum deformation angle. The FE
deformed shapes at different loading instants are
shown in Fig. 14. The contour of colour in Fig. 14
represents the distribution of principal tensile and
compressive stresses in FE model.

4.2.3. Comparison with theoretical predictions

As explained in Sections 3.1 and 3.2, theoretical pre-
dictions have been made assuming two extreme cases
— strong pier-weak beam and strong beam-weak pier
mechanisms. For strong pier-weak beam mechanism
as shown in Fig. 8, using Eqn. 9 with F, (=16.66 kN)
the strength of inclined inserted reinforcing bar,
Ly (=330 mm), L, (=550 mm), Lz (=110 mm),
Ly, (=440 mm) the distances of inclined inserted
reinforcing bars from point of rotation, wy (=5.5 kN)
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the weight of pier, the calculated value of horizontal
resisting force FRRM is 30.37 kN. The predicted
strength slightly underestimates the resistance
offered by masonry wall as shown in Fig. 12 (a).

Strong beam-weak pier mechanism assumes failure
mechanism as shown in Fig. 9. Using Eqn. 13, the
resisting force FR™ of 80.36 kN is obtained, which
clearly overestimates the experimental response as
shown in Fig. 12 (a). Here, w, (=6.55 kN) and
wq (=3.25 kN) are taken for computation. An addi-
tional plot has been made in Fig. 12 (a) with predic-
tion based on the final failure pattern and subsequent
formulation as given in Appendix Section B1. The
resisting force computed from final failure mecha-
nism gives value of 49.9 kN which agrees well with the
ultimate resisting force observed as discussed in
Section B1 of Appendix.
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S. DISCUSSION

Both the experimental observations and numerical
simulations showed effectiveness of the pinning
retrofitting technique for in-plane shear loaded
masonry walls. Retrofitted masonry walls showed suf-
ficient strength enhancement that can avoid brittle
collapse during earthquake excitation. Large varia-
tions in masonry mechanical properties can be found
in historical masonry structures; therefore this
becomes highly important when selecting the retro-
fitting technique in actual practice. Sensitivity studies
performed on the pinning-retrofitted specimens [9]
showed that variations in mechanical properties of
masonry materials do not significantly affect post
cracking response of the specimens, demonstrating
the robustness of the proposed retrofitting technique.

It should be noted that choice of epoxy resin as bond-
ing agent is mainly governed by its superior workabil-
ity over ordinary cement pastes. The use of highly
stiff epoxy resin in very deformable masonry would
cause unexpectable cracks when under high compres-
sive stresses; however, present study involves study
on in-plane shear behavior with moderately low level
of compressive stresses. Furthermore, authors have
also been involved in development of polymer-
cement pastes in place of epoxy resin as a better
choice from this point of view [20].

The resisting force computed for FE results and the-
oretical predictions matched well with each other.
The FE result was moderately located between the
two extreme theoretical estimations of weak beam
and weak pier. Comparison of results for experimen-
tal observation and numerical simulation showed that
FE prediction slightly overestimated the resisting
force value. Bond slip of reinforcing bar might have
influenced the failure mechanism during the tests,
however, numerically developed model assumed a
perfect bond between the reinforcing bars and
masonry elements. This could be one of the reasons
for overestimation of strength by numerical models.
Failure pattern observed experimentally for RM
specimen was wide spread with extensive cracking at
the top mortar joint between the top steel beam and
wall specimen. The top portion of specimen under-
went significant damage as shown in Appendix
Section B1 with rocking of piers representing mix
failure mechanism which neither belonged to weak
beam nor weak pier mode of failure as discussed in
Section 3. FE simulation for similar test set-up did
show wide cracks at the top mortar joint similar to
experimental observation but the response was large-
ly dominated by failure mechanism closer to weak

pier mode of failure with relatively stronger upper
portion. This could also have resulted in overestima-
tion of the resisting force. Hence, numerical model is
particularly applicable for specific case of perfect
bond between reinforcing bars and masonry ele-
ments. Nevertheless, the numerical results, with suf-
ficient exactness, provided a strong basis for strength
prediction as well as defining possible locations of
stress concentrations and stated the effectiveness of
retrofitted specimen with both inclined and horizon-
tally inserted reinforcing bars. In a modified calcula-
tion for application in practice, such bond strength
would be taken with some decreasing factor.

6. CONCLUSION

This paper has presented a 2D FE modelling scheme
and theoretical prediction formulation for assessing
the nonlinear load-deformation behaviour and fail-
ure mechanism of masonry walls reinforced by insert-
ing inclined and horizontal steel bars when subjected
to cyclic in-plane shear loading. FE models have been
generated with simplified micro-modelling strategy,
where bricks, mortar joints and reinforcing bars are
represented by continuum elements, interface ele-
ments, and truss elements, respectively. A simplified
FE model with equivalent vertical bars representing
inclined inserted bars has been proposed. This con-
cept of equivalent vertical bar allows simple theoret-
ical prediction of wall strengths and makes a 2D FE
modelling possible for the particular retrofitting tech-
nique. The FE model showed comparable results
with the experimental observations with good agree-
ments on strain gage histories. The experimental and
numerical results demonstrate the effectiveness of
the present retrofitting technique under cyclic load-
ing conditions with enhancement in strength as well
as ductility as compared to unreinforced specimen.
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APPENDIX

Al. Large deformation range response for URM
specimen

Fig. Al shows experimentally observed large defor-
mation range response for URM specimen. The
force-deformation response clearly shows the rocking
mechanism observed in URM specimen with incre-
ment in deformation load. The final failure pattern
observed as shown in Fig. A2 (a) showed wide diago-
nal shear cracks with rocking of a single pier.

The horizontal resisting force of URM specimen is
compared to the rocking resistance computed by the
rigid-body assumption as shown in Fig. A2(b). From
Fig. A2(b), equilibrium condition gives following
expression:
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. L,+(F, +w)L
Point A, F, =2 (F, +w,) (A1)

f
L (=650 mm) is pier width, H; (=1190 mm) the
height of the reaction force from the point of rota-
tion, wy (=5 kN) the weight of the rocking pier,
F, (=20 kN) the load applied at the top of specimen,
w, (=4 kN) the weight of brick wall resting on the
rocking pier, Ly (=303mm) the distance of centre of
mass for rocking piers. The rocking capacity of URM
specimen, FREM calculated using Eqn. (Al) is
14.4 kN, plotted in Fig. A1 as final failure mechanism
— the value is slightly lower compared to experimen-
tal observation. The reason for this difference is due

to absence of shear strength parameter of masonry in
Eqn. Al.

Experimental =====- Weak pier
===+ Weak beam == « == Final failure mechanism
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Force deformation comparison for URM specimen for
0,ax <1/50 radian
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Figure A2.

B1. Large deformation range response for RM
specimen

Fig. B1 (a) shows experimentally observed large
deformation range response for RM specimen. The
final failure pattern observed as shown in Fig. B1 (b)
showed cracks evenly distributed in the wall with final
failure mechanism showing rocking of piers. The
rocking resistance computed using Eqns. 9 and 13 is
plotted as dotted line in Fig. B1 (a). The results clear-
ly show experimentally observed failure pattern and
resisting force to lie in between the two extreme fail-
ure mechanisms assumed.

From Fig. B2, with mix failure mechanism represent-
ing the final cracking pattern observed experimental-
ly, following equilibrium conditions for RM specimen
can be obtained:

From free body T*:
F,=F'+F
F =F +F/
From free body A*:
Fy'h=F L +w,L/2+F'h,+F,L, + F,(L, +L,,) (B2)

(B1)

From free body B*:
Fi'h=F L+w,LI2=F'h,+F L +F,(L,+L,) (B3)

Solving Eqns. B1, B2 and B3, the capacity of wall is
obtained as follows:

Ly + L+ L, +L,+L,+L,)
L

RM v v
F i{F 4 F 4w +FP

f )

Here, L, (=930 mm), L3 (=280 mm), wy (=6 kN),
hy (=1330 mm). Assuming FX = F§ = F, /2, the rock-
ing capacity of RM specimen, FR™M calculated using

Final failure mechanisms for URM specimen: (a) Experimentally observed at 8,,,, =+0.02 radian; (b) Theoretical prediction
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Response for RM specimen: (a) Force-deformation comparison; (b) Experimentally observed failure pattern at 8,,,, =+0.03 radian
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Experimentally observed final failure mechanism for RM specimen: (a) Deformed shape; (b) Free body diagrams

Eqn. (B4) is 49.9 kN. The result is plotted in
Fig. Bl(a) as final failure mechanism. The results
show good prediction of the experimentally observed
ultimate strength of RM specimen.
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