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Abstract: Concrete slabs exposed to direct sunlight experience
temperature related horizontal movements. In addition,
temperatures on the top surface will be higher than those on
the underside of the slab, causing an upward deflection of the
slab during heating. In a typical building, masonry and concrete
elements are connected to each other at their respective
interfaces. Therefore, significant movements may be generated
on the masonry walls due to the movement of the roof slab.
These movements can result in overstressing and cracking in
masonry. These cracks may not be structurally serious, but may
lead to ingress of moisture and in any case are not acceptable
especially where good finish is desired.

In this study, the behaviour of these cracks was predicted
based on surveys of buildings where cracks have formed. Also,
typical structural arrangements were mathematically modelled
using 3D brick finite element models, with link elements
between the masonry and concrete elements in order to model
interfaces. The objective of the study was to investigate the
stresses developing on the wall due to the movement of the
roof slab. Locations and directions where cracking would occur
were identified using the principal stresses developed in the
finite element model and a failure criterion developed based
on the modified Von-Mises theory. Also, using these numerical
models, the effect of wall length and structural form of the wall
(i.e. load bearing walls and reinforced concrete framed walls)
on the formation of these cracks was studied. These results
were compared with the information obtained from the survey.

Keywords: Masonry concrete interface, masonry walls,
numerical modelling, thermal cracking, thermal movements

INTRODUCTION

Cracking is the most common and visible defect found
in masonry. Most buildings crack at some time during
their service life. The appearance of a crack is a symptom

of distress within the fabric of a building. Cracking in
brittle materials such as masonry are caused by internal
stresses building up until they exceed the rupture strength
of the material. Once the rupture strength is exceeded
the crack develops and internal stresses are dissipated.
These stresses are generally caused by the movements
of the building due to uneven foundation settlements,
temperature changes, shrinkage due to moisture changes,
chemical processes or creep deformations of materials.

The appearance of cracks can affect the value of the
building, its insurability and saleability, and can initiate
litigation. Cracking must also be controlled to maintain
the moisture resistance of the wall. Even though non
structural cracking of masonry is not a normal structural
design consideration, regardless of the reason for
cracking, it is unacceptable where good finish is desired.
Therefore, studying these cracks and factors causing them
is important in order to propose remedial measures.

Sri Lanka is a tropical country with long hours of
sunshine. Therefore, temperature induced cracks are
common on masonry walls. Thermal stresses can develop
due to direct thermal radiation on a wall or due to the
differential movements caused by thermal variations of
different parts of the structure.

Concrete slabs exposed to direct sunlight experience
temperature related horizontal movements. In addition,
temperatures on the top surface will be higher than those
on the underside of the slab, causing an upward movement
of the slab during heating (Figure 1). In a typical building,
masonry and concrete structural elements are connected
to each other at their respective interfaces. Therefore,
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Two major loads were applied to the structure. The first
is the self load of structural element and the second is
the temperature variation of the roof slab. The slab was
divided into six equal layers having temperatures of
68°C, 60°C, 53°C, 47°C, 42°C, 38°C from top to bottom.
This is based on the shape of thermal gradients in slabs
reported in the literature. The reference temperature
of the materials (and therefore the temperature of the
masonry) was considered as 35°C.

The mechanical and thermal properties of the
materials used in this study are summarised in Table 2.
Properties used for concrete are default values of SAP
2000 and properties of masonry are based on work done
by Jayasinghe'” on Sri Lankan brick masonry.

In this study the possibility of cracking at the concrete-

Table 2: Material Properties

Concrete Masonry
Weight per unit volume 23.6 KN/m’ 20.0 kN/m’
Modulus of elasticity 25.0E6 kN/m?  1.0E6 kN/m?
Poisson’s ratio 0.2 0.2

Coefl. of thermal expansion 9.9E-6/°C 6.0E-6/°C

masonry interface and cracking within the masonry walls
were considered separately. The initiation of interface
cracking was modelled by means of a Mohr-Coulomb
yield criterion combined with tension cut off criterion
(Figure 4). Since tensile cracking is the most important
nonlinearity that governs the behaviour of materials like
masonry, the model was used to simulate initiation of
fracture under combined normal and shear stresses in
the tension shear region (tensile and shear strength of the

Mohr circle for pure shear
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masonry-concrete interface joint was assumed as equal to
the tensile and shear strength of masonry which is equal
to 0.2 N/mm? and 0.13 N/mm? respectively). Since the
model is three dimensional and the failure criteria is two
dimensional, the resultant shear stress in the horizontal
plane with the normal tensile stress in vertical plane was
considered for the analysis.

A failure criterion developed based on modified
Von Mises theory'® was used to check the possibility
of cracking of masonry walls. The failure envelope is
formed by the interaction of four surfaces S, S,, S, and
S, as illustrated in Figure 5. The surfaces are described
by the equations as follows:

S, —represents a compression stress state parallel to both
principal axes.

2 2 2
S,: 0, °+0, +0,0,+3t° - f,.° =0 forc, and 6,< 0

S, — represents a stress state of compression parallel to
one principal axis and tension parallel to the other.

S,: o, +(l—a%),}fwz -3r* =0 foro,>0ando,<0
Where a=(f% }\/fzw—3rz

S, — represents a tensile stress state parallel to both

principal axes.
S; 6,+0,-0=0  forc,andc,20

S, — symmetrical to S, in respect to the bisectional level
of the first quadrant

1= <0.310+0.136

Mohr circle for simple tension

Figure 4: Mohr — Coulomb yield criterion combined with tension cut off criterion
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Since this is a reduction of the three dimensional stress
state to a biaxial stress state, in both cases strains should

be equal. i.e. s 2D
1

3D 2D
=g and g, =g,

Therefore,

D 3D ip| ¥V
0'2 =0, —0'3 (:J

Using the computed biaxial principal stresses and failure
criteria described, the possibility of cracking and their
directions (considered as perpendicular to the maximum
principal stress) were identified.

RESULTS AND DISCUSSION

A summary of the observations from most of the
buildings surveyed is shown in Table 3. Considering all
cases, some common phenomena in the formation of
these thermal cracks were identified. It was observed that
cracks have formed on both internal and external walls,
with the thicknesses of the cracks varying diurnally.
Cracks have re-appeared after repair. In some buildings,
cracking was pronounced in the long way direction wall;
such buildings had overall aspect ratios of 2 or above.

The formation of cracks and their orientation have a
direct relation to structural form and length of wall. For
example, horizontal cracks were observed under beams
in concrete framed walls at the centre of wall panels
(Figure 6), but the cracks in load bearing walls were
vertical in most cases (Figure 7). Downward inclinations
of diagonal cracks are particularly pronounced near the
perimeter for both concrete framed (Figure 8) and load
bearing walls (Figure 9). Inclinations of these cracks
to the horizontal were around 45° and 55° for concrete
framed walls and load bearing walls respectively.

Using the principal stresses obtained from the finite
element modelling, the possibility of cracking was
identified and the summary of the results are shown in
Table 4. The furthest stress point which is outside the
failure envelope is considered as the starting point of a
crack.
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In the load bearing walls, stresses generated in masonry
are enough to generate cracking. When the wall is short
(M1), the maximum stress point is at the centre of
wall (stress point is outside of the S, region of failure
envelope (Figure 5) and direction of major principal
stress is almost horizontal. Therefore, formation of a
vertical crack is possible at the centre of the wall. When
the wall is long (M3 & M6) the maximum stressed
point is outside of the S, region of the failure envelope
(Figure 5) and the direction of major principal stress is
around 25° to the horizontal. The locations of points are
close to the perimeter of the wall. Therefore formation
of a downward inclined diagonal crack (65° to the
horizontal) is possible close to the perimeter. Developing
of principal stresses and their directions in an element of
load bearing masonry wall can be explained by the Mohr
circle in Figure 10, which indicates that the direction of
major principal stress is less than 45° to the horizontal.

However, in the models M, M, and M, the stresses
developed in the interface link elements have not reached
the failure requirement of the interface (Figure 4) and
hence cracking at the wall-slab interface is not possible.

In the concrete framed walls, regardless of wall
length and spans, link stresses have exceeded the failure
requirement of the interface (Figure 4). Therefore,
horizontal cracking is possible at the wall-beam interface.
Inthesingle panel walls, when the wall lengthis short(M,),
stresses developed in masonry are not enough to create
cracks in it. However, when the wall length is long (M),
a band of higher tensile stress develops in the masonry
wall along the concrete masonry interface. These stresses
are inclined at 81° to the horizontal, so that any cracking
in the actual wall will also be approximately horizontal.
When the wall has more than one span, in addition to the
interface cracks, formation of downward inclined cracks

_ towards the panel edge (stress point outside the S2 region

in Figure 5) is possible. These cracks have inclinations of
around 45° to the horizontal plane; this can be explained
as arising out of a masonry element in pure shear, given
that the vertical load of the slab is being carried by the
concrete frame. A

These results clearly indicate the relationship of
crack pattern to the structura] form and the aspect ratio
of wall. Also the results obtained from FEM are similar
to the crack patterns obtained by the survey of buildings.
Therefore, we can say that the effects of thermal
movements of an overlying slab on a masonry wall
have been reasonably simulated by the finite element
model. Hence, we can use FEM to model more complex
geometric configurations.
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Table 3: Summery of building survey

Building Pl P2 P3 P4 PS5 P6 P7 P8 P9 PIO PIl PI2 PI3 PI4
Load bearing Y Y Y
Concrete framed Y Y Y Y Y Y Y Y Y Y Y Y Y
Aspect ratio 2 123 16 15 2 2 13 2 12 24 2 2 13
Most cracks on long way (>75%) Y Y Y Y

Cracks on both ways Y Y Y Y Y Y Y Y Y Y
Thickness of the cracks varying diurnally Y Y Y Y Y Y Y Y Y Y Y Y Y Y
(Cracks have re-appeared after repairing Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Horizontal cracks under beam Y Y Y Y Y Y Y Y Y Y Y Y Y
Horizontal cracks at wall slab interface Y Y Y Y Y Y
Vertical cracks at column wall interface Y Y Y Y Y Y
Vertical cracks in the walls Y Y Y Y

Diagonal cracks near perimeter Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Diagonal cracks away from perimeter near columns Y Y Y Y Y Y Y Y Y

50- 40- 40- 40- 40- 40- 40- 40- 40- 50- 40- 40- 40- 50-

Inclination of diagonal cracks to vertical 60 SO 50 50 S0 S0 SO S0 SO 60 SO S0 SO 60

Diagonal cracks at top of openings Y Y Y Y Y Y Y Y
Cracks beneath windows Y Y Y Y Y Y Y Y

Table 4: Summary of resuits of numerical modelling

Model Description - Masonry stresses Interface link element stresses Probable pattern
Maximum  Directionto  Location Maximum Maximum Critical of cracking
prin. stress  horizontal  (from outer  link normal link shear location
N/mm?* edge) m stress stress (from outer
N/mm? N/mm? edge) m 1
Mi 3 m load 0.19 2¢ 1.500 0.13 0.07 1.000 [ 1"
bearing

3 m frame . . . 0.250
columns @3 m

6 m load

bearing

6 m frame
columns @6 m

6 m frame
columns @3 m

9 m load
bearing

9 m frame . . . 0.250

columns @3 m

9 m frame . . . . 0.250
columns @4.5 m
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CONCLUSION

(1) Numerical modelling is able to reproduce the
phenomena observed in buildings where masonry walls
are subjected to thermal movements of an overlying
slab.

(2) The type and location of cracking depend significantly
on whether the wall is load bearing or framed by
reinforced concrete elements.

(3) Both types of arrangements give diagonal cracking
near the ends of walls, although the crack orientation is
steeper in load bearing walls.

(4) The survey also indicated that more cracking is
formed in walls oriented in the long way direction of the
building.
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