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BEHAVIOUR OF MASONRY WALLS AT CORNERS UNDER LATERAL LOADS
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ABSTRACT

Majority of the masonry research work deals with its failure due to either in-plane (IP) or out-of-
plane (OP) lateral forces. However, failure of masonry walls at corners, though frequent, has not
been researched much. Such failure involves the detachment of a wedge shaped portion of
masonry from the corner walls under the action of bidirectional lateral load. Behaviour of
corners in dry stack masonry was studied up to failure in ABAQUS, Finite Element (FE)
environment using explicit solver. Various models of masonry structures with loadbearing and
non-loadbearing walls were considered and were subjected to dynamic loading along the corner.
Based on the failure pattern observed under the simultaneous action of IP and OP forces,
simplified corner failure mechanisms were proposed for the limiting equilibrium condition and
corresponding values of peak acceleration were obtained. Results of limit analysis compared
well with FE predictions. The FE approach adopted for dry stack masonry was extended to study
the corner failure in mortar bonded masonry. A distinct friction coefficient for each course was
introduced which was equivalent to the shear resisted by the layer of mortar in any given course.
Such a method of modelling was effective in determining the propagation of cracks through the
masonry as well as the value of acceleration at which a portion of corner wall detaches from the
rest of the masonry. This study not only helped in understanding the failure pattern of corner
masonry walls, but also provided an approach to estimate the limit strength in terms of peak
acceleration.

KEYWORDS: corner failure, dry masonry, mortar bonded masonry, finite element, distinct
friction coefficient

INTRODUCTION

Masonry structures which either stand isolated or located at the end of a row of structures often
experience damage at corners in earthquakes as shown in Figure 1. Such damages are generally
characterized by simultaneous detachment of a portion of orthogonal walls. The shape of this
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detached portion of masonry is like that of a wedge with its apex pointing downwards and
overturning about it. A method proposed earlier to calculate the limiting load for such a failure in
dry stack masonry had certain limitations which are addressed in this study [4].

(a) (b)
Figure 1: Corner failure in masonry structure a) 1999, Umbria Earthquake [1] b) 2001
Gujarat Earthquake [2] and c¢) 2009 L’ Aquila Earthquake [3]

The main objectives of this study are: to develop a better understanding about the formation of
mechanism for masonry corner failures under earthquakes and to provide estimates of the
corresponding limiting acceleration. Such types of failures are observed both in dry-stack
masonry as well as mortar- bonded masonry. Therefore, behaviour of both types of masonry was
investigated using ABAQUS Finite Element (FE) environment. Such failure is generally
expected to occur when the lateral load or its resultant acts along the corner as shown in Figure
2(a). However, the angle at which the lateral load acts on the structure varies from one
earthquake to another earthquake. Therefore, for this study, accelerating motion has been
assumed to act diagonally along the corner making angles 6, and 6, with the side wall and the
facade respectively as shown in Figure 2(b) and 2(c).

FINITE ELEMENT MODELLING

In order to model the masonry structure, brick units were modelled separately and stacked to
form the masonry walls. Concrete damage plasticity (CDP) model of ABAQUS, which is
suitable for modelling concrete like materials, was adopted to model the brick masonry. A simple
tri-linear stress strain curve for masonry in compression was used [5]. Peak tensile strength of
masonry was considered 10 percent of its compressive strength [6]. These assumed stress strain
curves for masonry in compression and tension are shown in Figure 3. Keeping in mind the
experimental facilities available at the Structural Engineering Laboratory at IIT Kanpur, half-
scaled bricks of size 120 x 60 x 37.5 mm are used for the physical test models and the same was
adopted for the FE modelling so that results can be directly correlated with experiments.
Structurally ineffective masses (artificial masses) need to be added to reduced-scaled models for
proper simulation of both gravitational and inertial forces [7]. For out-of-plane ground motions



of masonry wall panels, the artificial mass should also be distributed throughout the wall so that
resulting inertia forces are uniformly distributed. The artificial mass that needs to be added for
unit acceleration ratio in half-scale models, is equal to the mass of a half-scaled brick, which
can be simulated in FE model by doubling the density of brick material [8].
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Figure 2: (a) Schematic diagram of corner failure under lateral load (b) Detail FE masonry
model (c) Direction of acceleration motion in FE model

Brick element C3D8R was adopted for meshing each brick unit with a mesh size equal to 1/10™
of the largest dimension of the unit. These masonry models, shown in Figure 2(b) were made to
rest over a slab. The degrees of freedom of the slab were restrained in the vertical direction and a
linearly increasing horizontal accelerating motion was induced in the masonry structure through
it. In order to simulate the dead load and its inertial effects, slabs having a frictional contact with
the underlying brick courses were kept over the masonry walls. Both top and bottom slabs were
considered to be 100 mm thick with the material modelled as homogenous, isotropic and elastic
concrete. In order to solve the dynamic problem Dynamic/Explicit solver in ABAQUS was

adopted.
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Figure 3: Stress strain curve of masonry a) Under Compression b) Under Tension

CORNER FAILURE IN DRY STACK MASONRY
In order to study the corner failure in dry stack masonry, two masonry models differing in the
aspect ratio of corner walls were considered. The details of these models are summarized in



Table 1. Since the corner failure pattern may vary with the overburden pressure on walls, these
models were subjected to varying levels of overburden pressure, including zero overburden i.e.
non-loadbearing masonry. This overburden was applied in the form of concrete slab so that in
addition to its effect under the action of gravity, the effect of inertia due to lateral accelerations
can be taken into consideration.

Table 1: Details of FE models of dry masonry structures

Property Model-1 Model-2

Sizes of the walls (mm) 1500 x 1500 2220 % 1500
1500 x 1500 1500 x 1500

Dimensions of masonry unit (mm) 120 x 60 x 37.5 120 x 60 x 37.5

Density of masonry unit (kg/m?) 3500 3500

Coefficient of friction 0.6 0.6

Size of slab (mm) 1800 = 1800 3120 x 2400

Thickness of Slab(mm) 100 100

Corner failure Mechanism in Non-loadbearing masonry

When non-loadbearing masonry structures were subjected to base accelerations, it was observed
that a wedge shape portion detaches from the masonry walls at corners. The crack pattern leading
to such failures reveals three different types of cracks. Initially, under the action of out-of-plane
forces, a horizontal crack develops in the mid-section of the wall. From the ends of this
horizontal crack, stepped and vertical cracks develop subsequently. The stepped crack
propagates towards the lower end of the wall while the vertical crack grows towards the top edge
of the wall as shown in Figures 4(a) & (b). The cracks from the two mutually orthogonal walls
combine to form a failure plane and a wedge shaped portion that separates from the surrounding
masonry and tends to overturn about the base as shown in Figure 4(c) & (d).

(b) (d)

Figure 4: Corner failure in non-loadbearing masonry (a) Crack pattern in the side walls of
Model-2 (b) Crack pattern in the side walls of Model-1 (¢) Overturning of wedge portion in
Model-2 (d) Overturning of wedge portion Model-1

On comparing the crack patterns in walls with different lengths and same height, it was observed
that as the length of the wall is decreased, the length of the horizontal crack also decreases. This
causes the two vertical cracks to come close and in the limiting situation, they merge to form a
single vertical crack. This can be observed by comparing Figure 4 (a) & (b). Up to this limiting



case the horizontal crack is formed at a height of approximately 0.4 times the height of the wall,
h. With further reduction in the length of the wall, the height at which the horizontal crack is
formed is further reduced. For each type of failure pattern, the lengths of the horizontal and the
vertical projections of the stepped cracks, in terms of dimensions of the brick (length, /» and
thickness, #») and the wall, are shown in Figure 5.
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Figure 5: Out-of-plane failure pattern in walls supported on three edges (a) General failure
pattern (b) Failure pattern in limiting case (c) Failure pattern beyond limiting case

Based on the failure pattern observed in FE simulations, a failure mechanism has been proposed
for the corner failures in non-loadbearing masonry walls as shown in Figure 6(a). The unshaded
portion represents the failure wedge which has a tendency to rotate about the axis C-C’. The two
walls at the corner can be identified as the facade wall (with subscript f) and side wall (with
subscript s). The dislodging portion of each wall has been sub-divided into a triangular section
(comprising of the stepped crack) and a rectangular section (comprising of the vertical crack)
with corresponding parameters represented by subscripts ¢ and 7 respectively. For this failure
mechanism, an expression for limiting acceleration, aim can be derived considering the moment
equilibrium about the axis of rotation of the wedge, C-C’. The overturning moment on the failure
(wedge) portion due to inertial forces is resisted by the stabilizing moment due to the weight of
the side and the fagade walls along with the resistance due to the interlocking friction force, C in
the vertical crack.

Moment due to inertial forces about axis C-C’ is given by

The resisting moment due to the weight of dislodging wedge about C-C’ is given by
Wi, cos(@/,) +W,1, cos(6,) (2)

Based on Figure 6(b), the shear resistance offered by the n (equal to /4,/t») number of interlocked
bricks each of weight W} and friction coefficient g, is given by
n (n + 1) w,
_ s 3
= 3)
Therefore, total resisting moment due to interlocking in side and fagade walls about C-C’ is

given by



C,h,. +C,h, 4)

Equating the total resisting moment as sum of Eq. (2) and Eq. (4) to the de-stabilizing moment
due to inertial forces about the axis of rotation, C-C’, the limiting acceleration can be obtained
as follows:

Ch, +Wl cos(Hf)+thlﬁ +W,1, cos(6),)
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Figure 6: (a) Corner failure mechanism in Non-Loadbearing masonry structure
(b) Frictional force at brick interface in the interlocking section

Corner failure mechanism in loadbearing masonry

In case of load bearing masonry, the observed corner failure pattern in FE simulations was
primarily due to sliding of the bricks in the plane of the wall. This indicates that in-plane (IP)
component of the lateral force is primarily responsible for failure in such type of masonry. The
observed crack pattern comprises of stepped cracks originating from the diagonal ends and an
‘intersecting’ crack combining these stepped cracks to form the single crack as shown in
Figure 7(a). The sequence of formation of such a crack pattern can be explained as follows:
Initially due to the shear force developed on top of the wall by inertial forces in the slab, the
brick courses directly beneath begin to slide forming the stepped crack. Due to this sliding, high
compressive stress builds up over the mid portion of the wall as it directly supports the displaced
brick courses. The resulting high compressive stress prevents bricks in the mid portion of the
wall from relative sliding because of which the crack in this section remains nearly vertical. This
vertical crack will continue up to the point where it meets that stepped crack which terminates at
the toe. The stepped crack in the lower portion offers least resistance to overturning. As the
length of the wall is increased with respect to its height, the length of the stepped crack increases
leading to a reduction in the length of the intersecting crack as shown in Figure 7(b). Cracks
from both the corner walls unite to form a failure plane, thereby leading to separation and
overturning of the wedge portion about its toe as shown in Figure 7(c) and (d).



Based on the failure pattern in loadbearing masonry, the overall failure pattern can be
represented by Figure 8(a). On closely observing the intersecting crack, it can be seen that it
comprises of certain interlocked bricks (sub-interlocking) which are joined by smaller stepped
cracks. For limit analysis, these different sub-interlocks have been combined to form a single
interlocked cracked section resulting in a failure mechanism as shown in Figure 8(b).

(a) (b)

(d)
Figure 7: Corner failure in load bearing masonry (a) Crack pattern in side wall of Model-1
(b) Crack pattern in shorter wall of Model-2 (c) Overturning of wedge portion in Model-1
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Figure 8: In-plane crack pattern (a) Observed crack pattern (b) Idealized crack pattern

Based on the above observations, a schematic for the corner failure mechanism for loadbearing
walls is shown in Figure 9(a). The unshaded portion of masonry walls represents the failure
wedge. A value of the limiting acceleration, aim, can be obtained by considering moment
equilibrium about C-C’ as discussed above. In addition to moment due to various forces
discussed for non-loadbearing walls, it will include the effect of dead load, wa over the masonry.
Since in this case interlocking lies at the mid-section of the wall, the total shear resistance, C will
include the effect of the weight of the trapezoidal section as well as the dead load lying directly
above the interlocked section. The overall equation for shear resistance for loadbearing walls is
given by,
n(n+1) W, W

I
C=p————L+ un—=—L+ ynw, 2 6
H—g otk . 2 Y, (6)

The detaching portion of each of the orthogonal walls can be divided into a triangular, a
rectangular and a trapezoidal section and parameters related to these sections are represented by



subscripts ¢, » and tr, respectively. In Figure 9(a), variables with subscript s and f define
parameters related to side walls and facade walls respectively. Based on this failure mechanism,

the limiting acceleration for loadbearing walls is given by,
2

L L
C.h +[WZ +wdsZf}cos(ef)Jrcfhﬁ{Wflfc+wdf;}cos(es)

s'isc s'sc

g (7)

Aim =

[W.h,, +w, L h]+ [thﬁ, +w, L fh]

As discussed earlier, with increase in the length of the wall, the length of the intersecting crack
decreases. This situation will continue until its length reduces to zero. Thereafter, the stepped
cracks will be joined by a horizontal crack as shown in Figure 9(b). Mathematically, let ¢, be the

angle of stepped crack and «, be the angle of wall panel. Then, if «,is greater than «,, there

will interlocking. Else, there will be no interlocking. Similar equations can be derived for a
loadbearing masonry assemblage with no interlocking.
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Figure 9: (a) Corner failure mechanism in loadbearing masonry structure (b) Failure
mechanism in wall with no interlocking

Limit analysis versus FE prediction

The values of limiting accelerations obtained from the limit analysis for the idealized failure
mechanisms were further verified by a dynamic analysis in which the FE model was subjected to
a pulse load at the base. The response was examined after a time equal to 0.57%, when the
maximum dynamic response of an elastic single-degree-of-freedom structure for a rectangular
pulse loading occurs, where 7, is natural period of the structure. Unreinforced masonry
structures typically have fundamental natural periods lying in the range of 0.25s to 0.4s which
can be higher for dry masonry structures as they are more deformable and flexible. Therefore, for
dry masonry structures, it can be assumed that the fundamental natural periods would be in the
range of 0.5s to 1s and thus the maximum response of such structures under pulse loading is
expected to occur between 0.25s to 0.5s of the loading. When FE models of the masonry
structures were subjected to pulse loading with base acceleration equal to the limiting



acceleration obtained from limit state analysis, the wedge portions were observed to detach from
the surrounding masonry within the above-mentioned time. Table 2 shows the limiting
accelerations, obtained from Eqs. 5 & 7, which were applied to the masonry models as pulse
loadings.

Table 2: Limiting acceleration for various dry masonry models

Load Case Model Overburden Pressure(kPa) Limiting Acceleration (g)

1 Model-1 0 1.16
2 Model-2 0 1.03
3 Model-1 22 0.56
4 Model-2 183(Long wall), 148(Short wall) 0.54

CORNER FAILURES IN MORTAR BONDED MASONRY

Often in mortar bonded masonry, the behaviour of mortar is simulated by introducing the
cohesive elements between brick courses. However such an approach is not only
computationally intensive but also difficult to formulate. Therefore, in this study, a new strategy
of modelling this type of masonry has been proposed wherein, instead of cohesive elements,
friction is introduced between the brick surfaces so as to simulate the behaviour of mortar in
shear. Brick-mortar interface obeys the Mohr-Coulomb law. So shear resistance offered by
mortar is given by

r=1,+0,u @®)
where, 7, is the shear resistance at zero pre-compression, and o, is pre-compressive stress due

to load over any given masonry course level [9]. In order to introduce the shear resistance
calculated from Eq. 8, a new term ‘equivalent coefficient of friction’, ueq has been introduced. It
is the coefficient of friction which when multiplied by the vertical pre-compressive stress resists
the shear of same magnitude as resisted by the mortar at any masonry course level.
Mathematically, for any n” course Eq. 8 can be modified as follows,

(u,), = (;f)” i ©)
Eq. (9) implies that with increase in overburden over the masonry, the value of equivalent
friction coefficient tends to become same for all the courses. This situation is similar to dry
masonry in which all courses have the same value of friction coefficient. Therefore, for masonry
with high overburden pressure, failure pattern should be similar to that of dry masonry.

For studying the corner failures in mortar-bonded masonry, Model-1 considered for dry masonry
was modified by introducing the equivalent coefficient of friction at each interface of the brick
courses. In order to observe the variation in the failure pattern of masonry with increasing
overburden, the masonry model was loaded with 1 and 5 slabs, i.e., pre-compression of 22 kPa
and 110 kPa, respectively. When the masonry model with pre-compression of 22 kPa was
subjected to linearly accelerating motion along the corner, sudden opening of the cracks through



brick bed joints was observed as shown in Figure 10(a). In case of masonry model with pre-
compression of 110 kPa, the observed cracks were mainly due to sliding of the bricks, similar to
that observed in dry masonry, as shown in Figure 10(b). This validates the assertion that mortar
bonded masonry behaves like dry masonry under heavy dead load conditions.

Crack passing
though bricks

Sliding cracks

(a) (b) (©)
Figure 10: Crack pattern for load bearing masonry (a) Diagonal tension crack in model
with Pre-compression of 22 kPa (b) Sliding cracks in model with Pre-compression of
110 kPa (c¢) Crack passing through brick in model with pre-compression of 110 kPa

Moreover, along the path of sliding cracks, local tensile cracks were observed passing through
the bricks as shown in Figure 10(c). This may be because of the high shear resistance at brick
interfaces which prevents a complete sliding out of the interlocked bricks leading to cracking
either due to bending or due to axial tension. Also, when the failure portion of a heavily loaded
wall tends to rotate about its toe, the self-weight of failure portion as well as the dead load over it
is transferred to the ground through the toe. Thus, the toe is subjected to a rather concentrated
load which leads to a crushing failure as shown in Figure 11(a). Such toe crushing is also
observed in earthquake damaged structures as shown in Figure 11(b).

Toe Crushing

(@) ®)
Figure 11: Toe crushing of corner walls (a) Model with pre-compression of 6.75 kN/m
(110 kPa) (b) Observed failure in the 2015 Nepal Earthquake [10]



CONCLUSIONS

Corner failure of masonry structures was studied using FE technique in which masonry models
were subjected to linearly increasing accelerating motion acting diagonally along the corner. In
case of dry stack masonry, distinct failure patterns were obtained for non-loadbearing and
loadbearing masonry. Failure pattern for the case of non-loadbearing walls was found to be due
to the out-of-plane component while that for loadbearing walls was due to the in-plane
component of the lateral load. Based on these observed failure patterns, failure mechanisms were
proposed and limiting acceleration values were obtained. These limiting acceleration values
compared well with finite element predictions. A new approach was adopted to simplify the
micro-modelling of mortar bonded masonry by introducing an equivalent coefficient of friction.
This approach was found to be effective in determining the propagation of crack though the
masonry as well as the value of acceleration at which a portion of corner walls detaches from the
surrounding masonry.
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