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Following paper explores the use of brick masonry for square and rectangular slabs. Brick masonry is

strong in compression but weak in tension. Brick masonry shallow domes can cover circular areas success-
fully as the axial meridional and hoop stresses are only compressive in shallow domes (2014). Further in shallow domes
and thin shells, bending moments are insignificant. Moreover, bending moments and shear forces are not necessary for
the stability of domes. In case of conventional slabs, vertical load is transmitted to edge beams / walls through bend-
ing moments and shear forces, whereas, the same vertical load is transmitted to edge beams through axial stresses in
shallow domes. This possibility of transmitting the vertical loads by generating axial compressive stresses by way of
changing the geometrical profile of the square / rectangular slab has been discussed in this paper. Different potential
geometrical profiles for the slabs are presented which can be conveniently built of brick masonry, projecting brick ma-
sonry as a potential material for slabs in low-rise sustainable buildings in low intensity earthquake zones.

1.0Introduction

Brick masonry is a heterogeneous material composed of
two different homogeneous constituents, viz., clay brick
units and mortar. The logic for using the brick masonry as
a roofing material has been worked out from the study of
the behavior of arches, thin shells, domes, vaults and pyra-
mids.

Brick masonry is being used in the construction of build-
ings since very ancient times (Stewart, 1971). It is efficient
and effective in compression but is weak in tension and
shear. Thus brick masonry is used mostly in the construc-
tion of walls and pilasters. It is also used in the construc-
tion of arches, vaults and domes as spanning members as
can be seen in many ancient buildings. Care is required
to be taken that the stresses in the brick masonry are all
compressive, and tensile stresses, if any, are of small mag-
nitude within the permissible limit.

Francis, Horman, and Jerems, (1970); Hilsdorf (1969); Khoo
and Hendry (1973); Mojsilovic (2005); Tikalsky, Atkinson
and Hammons (1995); Frunzio, Gesualdo and Monaco
(1997); Gumaste, Nanjunda, Venkataraman and Jagadish
(2007); Hemant, Durgesh and Sudhir (2007); Sarangapani,
Venkatarama and Jagadish (2005); have tried to establish
compressive strength of brick masonry based on the con-
tribution of the influencing factors. Lopez-Almansa, Surra-
blo, Lourenco, Barros, Roca, da Porto and Modena (2010);
Da Porto, Casarin, Garbin, Grendene, Modena and Valluzzi
(2005); Roca, Lopez-Almansa, Miquel and Hanganu (2007)
have done extensive work on the design, construction and
testing of brick masonry vaults.

In a spherical dome, the surface elements of the dome
are subjected to axial stresses in hoop and meridional di-
rections (Vazirani, & Ratvani, 1992). The stress in meridi-
onal direction is all compressive from crown to the base,
when the dome is subjected to uniformly distributed load
on its surface. However, hoop stress is compressive near
the crown with a maximum value at the crown. The com-
pressive hoop stress reduces downwards and it is zero at
a point which makes an angle of 51° 48" with the vertical
axis passing through the crown. Thereafter, hoop stress

is tensile and increases downwards (Vazirani & Ratvani,
1992). In case the dome is subjected to a point load at
the crown, hoop stress is all tensile. Combined effect of
uniformly distributed load, which is always present, and
the point load at the crown, if any, will shift the point of
zero tensile hoop stress upwards and the angle shall get
reduced. Thus circular shallow domes are subjected to ax-
ial compressive stresses only (Sinha S. N. and Dogra V. K,
2014). The focus is to cover square and rectangular areas
so that it is more useful in the construction industry.

The slab being in brick masonry has to be curved in both
directions, so that the bending moments / bending tensile
stresses are well within the limits. The rise at centre has to
be optimum, so that the compressive stresses are within
the permissible limits and the quantity of filling is mini-
mised.

Possible geometrical profiles for the square / rectangular
slabs are derived as discussed below.

2.0Possible Geometrical shapes

Basic geometrical shapes such as circle, parabola, catenary,
ellipse and pyramid are the main shapes proposed for the
brick masonry roofs. The basic shapes are also modified
and more geometrical profiles are derived.

2.1Spherical

The simplest shape is spherical. It is double curved and
many domes have been constructed with this geometry
successfully. Fitting of this spherical shape in square / rec-
tangular plan and other shapes derived from the basic
spherical shape are as follows:

211 Simple Spherical

In this case, spherical geometry is used to cover square /
rectangular areas in plan. The profile along the radial lines
is taken as circular and the y-coordinates are worked out.
Each arc of a circle springs from the same horizontal level
at the edge of the slab and rises to maximum at the cen-
tre of the slab. The radius of each of these circular lines,
along different radial directions, is different and is worked
out on the basis of the length of the radial line in plan and
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the maximum rise at the centre. Each radial line springs
from the same level along the edges and rises up to the
same maximum level at the crown, located at the centre
of the slab panel. The value of the maximum rise at the
crown is fixed, the level of the edge beam is same, but the
length of the arc is different along each radial line. This re-
sults in a different value of radii along different radial lines.
The shape is shown in Fig. 1.
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Fig. 1  Geometry of Simple Spherical Slab
The geometry is worked out as follows:

Radius 7" of the arc of a circle along a particular radial line
is given by

rl=a* +(r7RjJ

or rl=a’+r'+ R -2R

...... 1
or 2:R=R*+a’ ( )
R +a’
or r=
2R

And the vertical coordinate ), with respect to the vertical
coordinate at the edge of the beam as zero, is given by

=y’ -2
yo=r—y =r—ylr’ -x*
y=R-y,

or y:R_{,_m}

Where R is the maximum rise at the centre of slab with
respect to the edge of beam, @ is the maximum length
of the radial line in plan from the centre of the slab to the
edge of the beam and X is the distance in plan, along
the radial line, from centre of slab to the point on the arc
along the radial line.

2.1.2 Spherical with top flat

In this case, a circular portion of suitable dimension, say
500 mm diameter, at the centre of the slab is consid-
ered as flat. The radial lines drawn from the centre of the
square slab are flat up to a distance of 250 mm, i. e., the
edge of this flat portion. Thereafter, theses lines are curved
as arcs of circle meeting the edge of the beam at lower
level. Here also the radii of each arc is different as in case
of 2.1.1, with the only difference that the radii are smaller
than the corresponding radii in case of simple spherical. It
gives two benefits; () it reduces the weight of the fill re-
quired to level the surface and (i) the bending moments
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shall get further reduced. The flat area of 500 mm diam-
eter may vary with span and thickness of slab.

The y coordinates along the radial lines are worked out
from the geometry of the circle with the reduced chord
length in plan, and the same value of rise. The shape is
shown in Fig. 2.
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Fig. 2  Geometry of Spherical Flat Slab
The geometry is worked out as follows:

Radius ¥ of the arc of a circle along the radial line is given

by
( R?+(a-250)"
"> | L. 3

And the vertical coordinate ), with respect to the vertical
coordinate at the edge of the beam as zero, between the
flat area and the edge of the beam, is given by

y=R—{r—m}

2.1.3 Spherical - 1

In this case, two circular arcs are drawn along the two di-
agonals. Each circle passes through the corner at the in-
tersection of beams at the beam level, the centre of the
slab panel at the crown and the opposite corner at the in-
tersection of beams at the same beam level. The points at
the same level, on these diagonal arcs are then joined by
straight lines, to form the surface of the four sides of the
slab panel. The arcs along the diagonal lines form curved
ridges of the slab. The radius of the arc 7 and the )
coordinate, along the diagonal, are worked out by using
the equations 1 and 2 respectively. The geometry is shown

in Fig 3.
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Fig. 3  Geometry of Spherical - 1 Slab
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2.1.4 Spherical - 2

This geometry is achieved by drawing two circular arcs,
from the midpoint of each beam, intersecting at the crown
at the centre of the slab panel. Starting from the beam
level, when we draw the arcs of the same radius and par-
allel to the arcs already drawn from the points on each
beam, these arcs, from the adjacent sides, shall intersect at
points along ridges. The points of intersection, along the
diagonals, can be joined to form the ridges. In this case
a discrete ridge, curved in elevation, is formed along the
diagonal line. Except for the curved ridges, the radius of
each arc springing from the edge beam is the same. The
geometry is shown in Fig. 4.

Point I’/,\:y)—\

g
©

&

Axis of rotation

—R-

Edge of Slab-

N

Crown

T
7

r—

olf—e~

L—(z

SEC-B

PLAN

Fig. 4 Geometry of Spherical — 2 Slab

2.2Parabolic

Another type of double curvature roof can be parabolic.
The parabola can be a simple parabola or cubic parabola.
Some more shapes can also be derived from the parabola.
These are as under:

2.21 Simple parabolic

In this case, the slab profile along the radial lines can be
taken as parabolic. The equation for such simple parabola
is,

y=R—kx’

Where X is the distance in plan from the centre of the
slab, along the radial line, ) is the rise with respect to
the leveled edge of the wall/beam, R is the maximum
rise at the centre of slab as shown in Fig. 5. K| is a con-
stant based on the maximum value of X and ) for a
particular radial line. The value of kl can be worked out
from the boundary conditions, i.e., at X = a, y=0,

We get 0= R—klaz

Or k =—
1
a2
Substituting the value of @ in equation 3, we get
R,
y= R—- — X
a ) L (6)

Where @ is the length of the radial line in plan, as shown
in Fig. 5.
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Fig. 5 Geometry of Simple Parabolic Slab

As @A varies and its value is different along each radial
line, the value of the constant 1 als changes for calcula-
tion of } coordinate along each raJwﬁ line.

2.2.2 Cubic parabolic

In this case, the slab profile is similar as for the parabola as
above except that the equation for the parabola along the
radial lines is taken as cubic as follows:

y=R-k* @)

Where X is the distance, in plan, from the centre of the
slab, along the radial line, ) is the rise with respect to
the leveled edge of the wall/beam, R is the maximum
rise at the centre of slab. Kk is a constant based on the
maximum value of X and ) for a particular radial line
whose value can be worked out from the boundary con-
ditions, i.e.,at X=a, Y =

1
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Fig. 6 Geometry of Cubic Parabola Slab
3
Therefore, 0=R—-ka

R

Or k=—
a3

Substituting the value of @ in equation 7, we get
3
y= R-— — x> 8)
a

The value of the constant is different for each radial line
which can be worked out. The maximum rise at the centre
may be varied.

2.2.3 Parabolic with top flat

In this case, a circular portion of some reasonable diame-
ter, say 500 mm, at the centre of the slab is considered flat
at the top and the parabolic profile is considered along
the radial lines, from the edge of the flat to the edge
beam. This case is similar to the case of simple parabola,
with the difference that the length of the radial lines get
reduced by 250 mm. The Eq 8 gets modified as under:

R

y:R&a—%mY}X%OY ...... 9)
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2.2.4 Parabolic - 1

In this case, two parabolic curves are drawn along the
two diagonals. Each curve passes through the corner, at
the intersection of beams, the centre of the slab panel at
the crown and the opposite corner at the intersection of
beams. The points at the same level, on these diagonal
curves are then joined by straight lines, to form the sur-
face of the four sides of the slab panel. The parabolic lines
along the diagonal lines form curved ridges of the slab.
The profile of the parabola and the ) coordinates, along
the curved line in diagonal direction, are worked out by
using the Eqgs 5 and 6 respectively.

2.25 Parabolic - 2

This geometry is achieved by drawing two parabolic
curved lines, from the midpoint of each beam, intersecting
at the crown at the centre of the slab panel. These curved
lines are now divided into an equal parts and the horizon-
tal lines parallel to the beams are drawn from these points.
These horizontal lines from adjacent sides, which are per-
pendicular to each other, and are at the same level, shall
intersect on the diagonal line. The points of intersection,
along the diagonals, can be joined to form the ridges. In
this case a discrete ridge, curved in elevation, is formed
along the diagonal line. Except for the curved ridges,
the curved profile of other lines, springing from the edge
beam, and which are not radial, is represented by same
equation. Each triangular side of the slab panel is curved
in one direction only. The profile and the y coordinates
along the curved profile is worked out by using Eq. 6.

2.3Pyramidal

In this case, the basic shape of the roof is a pyramid. In
simple pyramid, development of bending moments in the
triangular plates is necessary for stability. Hence simple
pyramid is not considered as the potential profile of the
slab. Pyramid with varying slopes as described below has
been considered:

2.31 Pyramid with varying slopes

Here the slope of the sides of pyramid are changed by
providing folds on each triangular side of a regular pyra-
mid. Thereby each triangular side is divided into three
parts/plates. The Lowest and the middle plates are trape-
zoidal and the top plate is triangular. The lower two plates
are bent at two different angles and the top plate is made
horizontal. The four triangular horizontal plates from all
the four sides to form a flat square plate at the centre as
shown in Fig. 7.
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Fig. 7 Geometry of Pyramid with Varying Slopes
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2.4Catenary
In this case, the geometry along the radial lines is worked
out using the equation of the catenary as follows:

X
y =aCosh| —
a) .. (10)

As the value of @ is different, it is worked out separately
for each radial line with the same rise at the centre. Geom-
etry is shown in Fig. 8.
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Fig. 8  Geometry of Slab with Catenary Profile along
Radial Lines.
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2.5Elliptical
In this case, the curved profile along the radial lines is con-
sidered elliptical given by,
x2 y
St o=
b L (1

Where X and ) are coordinates of points lying on the
curved line and @, are constants. The value of con-
stant b is the maximum value of rise at the centre of slab
and a is the horizontal distance from the centre of slab to
edge beam along the radial line. The value of a is different
along each radial line being maximum along the diagonal
and minimum along the radial line passing through the
middle of edge beam. The geometry is shown in Fig. 9.
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Fig. 9 Geometry of Slab with Elliptical Profile along
Radial Lines.

2.7Conclusions

1. Twelve potential geometrical profiles for square / rec-
tangular slabs have been presented as above for brick ma-
sonry slabs.
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2. Eleven profiles are generated from circle, parabola,
catenary and ellipse. These are curved in both directions.
Moreover, change of curvature along adjacent radial lines
is so gradual that a smooth curved profile in direction per-
pendicular to the radial lines is obtained.

3. One profile is based on pyramid / folded plates. The
folds can be so proportioned that the bending moments in
the trapezoidal plates are insignificant.

4. Any of the above twelve profiles can be analyzed and
innovatively utilized for the construction of low cost houses
in low intensity earthquake zones.

5. Construction of these brick masonry slabs is possible
without the use of formwork and reinforcements.
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