Alleviating the problem
of cracking of masonry
buildings on expansive
clay by building flexibility
into the masonry

P R Stott, Z Smith, E Theron

Damage caused by soils subject to change in volume beneath light structures, particularly
low-cost housing units of masonry construction, is unacceptably frequent. It has led to the
demolition of many such units within a small fraction of their design lifespan. Perhaps the most
spectacular such failure is Lerato Park in Kimberley, where the development was demolished
within four years. The reason for this failure is examined in Stott and Theron (2016).

The normal ways of attempting to reduce heave damage have involved increasing the
strength and stiffness of foundations, together with reducing masonry panel size through
movement joints and increasing the strength of the panels. While these measures have
improved the situation somewhat, they are expensive and have proved to be only partially
successful. This investigation examines the possibility of increasing the ability of masonry
panels themselves to accommodate significant distortion without sustaining unacceptably
serious cracking. The existing specifications in SANS 10164 (SANS 10164 2000) are shown to
allow considerably greater inherent flexibility than current practice allows. This is dependent on
the specified quality of sand (frequently ignored) and water demand requirements, as specified
in South African standards, being adhered to.

INTRODUCTION

Light structures built on expansive clays

the lower values are “... unlikely to guar-
antee a satisfactory level of serviceability
.. (p 287). Currently, in South Africa, 1 in
3 500 is often considered a suitable esti-

in South Africa are very prone to cracking
for two reasons. Firstly, the expansive
potential of clay depends on the suction mate of distortion for the probable onset
against which the clay can draw in water. of cracking in masonry panels due to soil
The clay can swell when its suction heave. The reason for the wide range of
potential is greater than the pressure of flexibilities found by Pidgeon is almost
the foundation above it. Normal dwelling certainly due to the mortar specified (and
houses, and particularly low-cost housing complied with) in the standards of the
units, apply such low pressures to their various countries.
foundations that even clays with very The flexibility of mortar is dependent
limited suction potential can cause heave on several factors, including cement
(Stott 2017). Secondly, masonry as cur- content. It has an inverse, nonlinear
rently used in South Africa is very brittle. relationship to the Portland cement
Pidgeon (1980) examined design methods content. Portland cement began to be
for alleviation of heave damage from vari- widely used in mortar in the UK and
the USA around 1930. Before that, lime

was the key ingredient of mortar for

ous countries, including Australia, the
USA and South Africa. He noted widely
differing values assumed by various meth-
ods for the distortions (deflection/length)
that masonry can sustain without crack-

most buildings throughout Europe and
America, and many structures in South
Africa, including churches, the Union
Buildings and the Castle of Good Hope.
Lime mortar has high flexibility, but low

ing. Some values were as low as 1 in 360,
others as high as 1 in 3 500. He noted that
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compressive strength (Costigan & Pavia
2009). Since mortar is applied as a very
thin layer between strong units that exer-
cise powerful restraint, failure of mortar
by compression is very rare. Compressive
strength is of minor importance until high
loading is applied. The most important
aspects of mortar for the majority of
light buildings (up to two storeys) are
the ability to bond to the building units
(usually bricks or stone blocks) and the
ability to keep water out of the building,
as per SABS 0164 Part 1 (SANS 1980).
Cube compression strength is of very little
relevance to these aspects, whereas bond
strength and flexibility are crucial.
European Standard EN459 has
standards for three strength grades of
lime mortar (European Standard 2005).
American Standard ASTM C1489-15
(ASTM 2015) deals with lime putty for
structural purposes. Present standards in
South Africa do not cover construction
using lime mortar, and lime mortar is
no longer produced commercially here.
However, there is a provision for hydrated
lime conforming to SANS 523 (SANS n.d.
LEG523) to be used in limited quantities
as an additive to cement mortar. There are
significant advantages to adding hydrated
lime to cement mortar - it greatly
improves workability, allowing a greater
proportion of sand while increasing the
area of adhesion to the bricks, giving bet-
ter bonding between bricks and mortar.
It retains water, allowing improved cur-
ing of the cement. SANS 10164 (SANS
10164 2000) notes: “... good results can be
obtained with sand of fineness modulus
in excess of 2.5 used with the maximum
amount of lime as indicated in Table C-1
of Appendix C.”

HEAVE DAMAGE

The problem of damage to buildings due

to heaving clay became a global problem
after the introduction of Portland cement
(Costigan & Pavia 2009). Portland cement
mortar has the advantages of ease of use
and rapid preparation. Until the introduc-
tion of cement mortar, apprentice builders
had spent much of their apprenticeship
learning the complexities of matching lime,
and aggregate type and proportions, to
foundation conditions. Lime had to be pre-
pared several days before use in construc-
tion - necessitating forward planning of
building operations. Building with Portland
cement mortar requires very little training

8

N

and far less planning. The convenience and
simplicity of using Portland cement mortar
rapidly led to it becoming the standard
material for masonry construction. Such
construction has the disadvantage of
being brittle, as it cannot accommodate
significant deformation. The addition of
hydrated lime (which requires no prepara-
tion but provides little intrinsic strength)
gives Portland cement mortar much-
improved workability and water retention
(Tate 2005). This results in a larger area
of bonding with the bricks, as explained
by Graymont (Graymont.com 2019), and
better curing of the cement, resulting in a
much-improved bond between bricks and
mortar. It also increases the flexibility of
the mortar, while reducing its compressive
strength. Masonry rarely fails by crushing
of bricks or mortar (Sehume et al 2018).
The strength characteristic that is mean-
ingful for brickwork is the bond strength
between bricks and mortar (Agarwal

et al 2021; Gumaste et al 2007; Prasad

et al 2014).

SANS 0164-1 7.1.2 C.1 General (SANS
1980) states “... the primary functions of
mortar are (a) to provide an even bed so
that the load on the wall is distributed
evenly over the whole bearing area of the
structural units; (b) to bond the structural
units together and help them to resist lat-
eral forces; (c) to seal the joints against the
penetration of rain. The first requirement
for mortar is that it should be readily work-
able to allow the bricklayer or block layer to
produce at an economic rate. It should also
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Figure 1 One of the abandoned buildings at the former Oranje Hospital

be sufficiently resilient to accommodate
minor structural movement of the wall or
shrinkage or expansion of the structural
units, and it should be durable.”

Buildings at the former Oranje
Hospital (now the Free State Psychiatric
Complex) in Bloemfontein provide a very
good illustration of the performance of
mortar that meets these criteria. The
one- and two-storey buildings were built
in the late 19th and early 20th centuries.
Construction is of baked clay bricks and
lime mortar. The underlying foundation
material is expansive. These buildings
have largely been abandoned, though
one or two are still used for storage. The
reason for abandonment is failure to meet
current standards for hospitals (size of
rooms, number, and positioning of ablu-
tion facilities, etc). No aprons around the
buildings or movement joints in the walls
were provided. No maintenance has been
performed for several decades, yet the
condition of the masonry remains excel-
lent. Despite the length of the building
shown in Figure 1, there are no visible
cracks or evidence of distress, even though
there are no movement joints.

The interior of this abandoned build-
ing is shown in Figure 2. It does not show
any evidence of cracks forming at the
top of the windows or anywhere on the
walls after many decades of abandonment
and neglect.

A closer look at the outside wall of one
of the abandoned buildings in Figure 3
illustrates that there is no evidence of
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Figure 2 The interior of one of the abandoned buildings illustrating no cracks

distress found in the mortar and no gaps
between the bricks and mortar.

A much later addition of a wall to
an abandoned building, to close a gap
between two buildings and restrict access
to a locked gate, shows typical damage
due to soil movement (Figure 4). The new,
cement mortar wall, is leaning away from
the original wall and typical cracks at the
mortar-brick interface are evident. At the
end farthest from the old building, severe
cracking along mortar joints has taken
place. The new wall shows staining and
degradation of the mortar, while the old
wall shows very little degradation. The
original lime mortar allowed the buildings

to flex under the action of expansive clay,

whereas the later additions do not have the
required flexibility to do so.

In contrast to these buildings, which
have remained intact on unfavourable
foundation conditions for about a century,
many of the light structures now being
built in South Africa have failed to last
even five years without severe damage.
Figure 5 illustrates four light, single-storey
houses that failed within a few years after
construction. Picture (a) shows a small
light structure in an “emerging middle
class” development that became too dan-
gerous to complete before receiving its first
coat of paint. The second picture (b) is of
a single-storey masonry house in another
“emerging middle class” development that

Figure 3 Closer view of the outside wall of
one of the abandoned buildings

lost its structural integrity less than four
years after construction. The third picture
(c) is of an RDP (Reconstruction and
Development Programme) development
where almost every house showed evidence
of cracks on this scale within five years of
construction. In picture (d) the RDP house
failed soon after receiving its first coat
of paint.

The current philosophy for dealing
with this problem in South Africa revolves
around building strength and stiffness into
foundations, combined with providing
movement joints to allow a degree of flexi-
bility in superstructures. Comparing Figures
1 to 4 with Figure 5 suggests that this
philosophy might lead to better results if
the flexibility of mortar could be increased.
The flexibility of mortar is non-linearly and

Figure 4 A later additional wall showmg typical damage due to soil movement
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inversely proportional to the compressive
strength (Costigan et al 2015). Flexibility
increases with increasing sand and hydrated
lime content, and decreases with cement
content. Flexibility increases as compressive
strength decreases. Heave damage increases
with a decrease in flexibility.

CURRENT AND RELEVANT
RESEARCH IN MASONRY

Most current investigations of masonry
performance are concerned with shear
and compressive strength. De Villiers et
al (2018) modelled compression failure in
masonry structures of alternative materi-
als using criteria of cracking-shearing-
crushing and compared results with test

(0

Figure 5 Four single-storey masonry houses failing within a few years after construction

panels two bricks wide by five bricks high
as in EN1052-1 (European Standard 1999)
shown in Figure 6. This may have relevance
to medium-rise masonry construction,
where failure may be due to high struc-
tural loading. It may be unhelpful for light
structures, such as low-cost housing, where
distress in brickwork is usually due to
distortion caused by foundation movement
rather than by high structural loading.

Costigan et al (2015) dealt with both
lime mortar and cement-lime mortar. They
tested masonry compressive strength, also
with two-brick by five-brick panels as in
EN1052-1 (European Standard 1999). They
found disagreement between mathematical
predictions and their experimental results
for lime mortar, which they attributed to
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Figure 6 Test panels of two bricks wide and five bricks high (European Standard 1999)
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the significant distortion of the lime during
their compressive tests. They noted that,
“... the masonry stress-strain relationship
becomes increasingly non-linear as mortar
strength lowers.” The fact that their math-
ematical models could not cope with the
distortion of the lime suggests that lime can
accommodate very significant distortion.

McNary and Abrams (1985) dealt only
with compression tests, and tested simple
stack-bond brick prisms. They found that
a softer mortar increases the lateral tensile
stress applied to the brick, decreasing the
stiffness of the masonry. They also noted
that the relationship between stress and
strain becomes increasingly nonlinear as
mortar strength decreases. These results
from four decades ago confirm the findings
of recent investigations.

Zucchini and Lourencgo (2009) proposed
a method of analysing shear walls, and
compared their predictions with tests
performed by Raijmakers and Vermeltfoort
(1992 and 1993, sourced from Zucchini
& Lourenco 2009) on panels of 4% bricks
in 18 courses. They pointed out that the
analysis is highly nonlinear, and that
several advanced computational tech-
niques, such as artificial damping through
fictitious viscous forces, are employed to
achieve convergence. This leads to some
parameters being arbitrarily chosen.
Accessibility for normal engineering prac-
tice could therefore be problematic. Their
analysis might well be suitable for assess-
ing masonry response to deformation by
expansive soil, but they only considered the
failure of shear walls under high stress.

A general understanding, widespread in
the literature, appears to be that the only
mortar property of real value is strength.
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Samiei et al (2015) regard any variation to
their mix designs that reduce strength as
being deterioration. Hughes and Taylor
(2005) also concentrate on strength prop-
erties when dealing with hydraulic lime
mortars. This seems to be illogical, since it
is well known that hydraulic limes have low
strength properties and are used because of
their flexibility and durability properties.

CURRENT MORTAR
SPECIFICATIONS IN

SOUTH AFRICA

Building of most light structures in South
Africa is done according to the South
African Building Regulations SANS 10400
(SANS 1990) which, for most construction,
now calls for Class II mortar that complies
with SANS 2001-CM1 (SANS 2001).

Class III mortar, which used to be standard
for light masonry construction (SANS 0164
1980, Part 1 (SANS 1980)), appears to have
been disregarded in SANS 10400 (SANS
1990). This may be because of the large
number of masonry buildings failing due
to cracking. A stronger mortar is prob-
ably being used to (hopefully) alleviate

the problem (Sehume et a/ 2018). In this
paper, we suggest that this change was not
helpful, and may lead not only to increased
expense but also to worse results for
buildings where foundation movement is
encountered. The limited classes of mortar
allowed in South Africa may explain the
discrepancies noted by Pidgeon in his com-
parisons of design procedures for coping
with soil heave in the various countries he
considered (Pidgeon 1980).

COMPARISON OF MORTAR
SPECIFICATIONS IN AMERICA
AND SOUTH AFRICA

Table 1 is from SANS 10164 (SANS 10164
2000), while Table 2 is from ASTM C 270-
51T (ASTM 2019).

It is not easy to compare Tables 1 and 2
since the American specification deals with
volume for all items, whereas the South
African specification deals with mass for
the cement and volume for the lime and
sand. A 50 kg bag of cement packed at
the factory has a volume of 33 litres, so to
compare mixes, the values of Table 1 have
been adjusted accordingly and are shown
in Table 3.

It can be seen that SANS Class 1 is
between ASTM Type M and Type S.

Class II has close correspondence to

Table 1 Approximate limiting proportions for
mortars from the SANS 10164 (SANS
10164 2000)
Sand

(measured
loose and

Portland
cement

(kg) damp)
(I, max)

Il 50 0-40 200

Il 50 0-80 300

Table 2 Approximate limiting proportions
(volume) for mortar from ASTM
C 270-51T (ASTM 2019)

Lime
type cement
1 1
M 1

7 373

1 1
S 1 5 4-3
N 1 1 6
O 1 2 9
K 1 3 12

Table 3 Adjusted limiting proportions
(volume) for mortar from SANS 10164
(SANS 10164 2000)

I = I
I 1 0-03 4

Il 1 0-1.2 6

1l 1 0-24 9

Type N. Class III with the maximum
permitted quantities of sand and lime has
close correspondence to Type O.

The American standard Type K has no
South African equivalent. It is unlikely that
American practice caters for structures
smaller and lighter than RDP housing. This
suggests that American practice would
probably consider Type K suitable for South
African low-cost housing.

SANS Class I mortar is almost
irrelevant at present. It is intended for
engineering structures such as bridge
piers and railway arches, but these are no
longer constructed with masonry in South
Africa. South Africa no longer produces
engineering bricks with the strength to
warrant the use of Class I mortar. Class II
mortar is suitable for medium-rise build-
ings (approximately four to seven storeys).
The standard of bricklaying in South Africa

Journal of the South African Institution of Civil Engineering  Volume 65 Number1 March 2023

is generally so poor at present that most
buildings of this kind are now concrete-
framed with brick infill panels that do not
warrant Class II mortar.

AIMS OF THIS INVESTIGATION
This investigation aims to examine the
possibility of building masonry structures
to available South African standards, with
enough flexibility to allow the design of
foundations less stiff and expensive than
currently necessary to limit cracking in
light economic housing. This will hopefully
enable foundation and superstructure to be
matched for more economically satisfac-
tory construction. To achieve this aim, a
finite element procedure was developed

to model the stress in masonry consisting
of generic brick units and generic mortar
caused by applied distortion.

FINITE ELEMENT ANALYSIS

Development of the finite

element model

The finite element analysis was conducted

using a PROKON software package that is

widely used in South Africa and is accessi-
ble to many South African civil and struc-
tural engineers. This package is available
to the Central University of Technology
under an academic licence. While it lacks
advanced features which would be useful
for the study undertaken — e.g. interface
elements and crack propagation - it was
considered likely to be capable of giving
insight into flexibility, which is the main
factor of importance in this investigation.

It was considered that, if results from

the available program supported the

hypothesis that significant flexibility can

be provided simply by suitable selection
of currently allowable mortar properties,
then further investigations, particularly

in matching stiffnesses of foundation and

superstructure, would probably warrant

more advanced software. The analysis did

not attempt to deal with crack propaga-

tion. It was considered that the horizontal
stresses in bricks and adjacent mortar
should give a fair approximation of bond
stresses, and hence give an indication of the
probable onset of cracking. The properties
of the material used were as follows:

B Concrete bricks: Young’s modulus of
14 000 MPa and Poisson’s ratio of 0.33
(Nichols & Totoev 1997).

B Mortar Young’s modulus:

n



M6 (927 MPa) and CL90 (70 MPa)
(Costigan et al 2015)
Three from the SANS and two
from ASTM as per tests detailed in
Table 4 (see page 15)

B Mortar Poisson’s ratio 0.2 as per

PROKON recommendations.

The arrangement of elements was subject
to the mesh refinement procedure, until
further refinement showed less than 1%
influence on stresses within the wall shown
in Figure 8. Figure 7 illustrates the accepted
mesh refinement in a single brick solid
element (red) with a single layer of mortar
(green). The standard PROKON conven-
tions for directions, shown in Figure 7,

are used throughout. All analyses used
PROKON's second order setting for conver-
gence. This setting repeatedly analyses the
structure until further increases in defor-
mation are negligible. None of the analyses
required more than five iterations.

The mesh refinement shown in Figure 7
was applied to a wall panel of eight bricks
by ten courses. Figure 8a provides a view
of the wall panel designed using PROKON.
The wall panel was restrained using
restraining conditions XYZxyz (restrained
from movement in the XYZ directions and
from rotation about XYZ axes) at the first
three nodes in line in the Z-direction of the
bottom brick solid element. Thereafter, the
remaining bottom nodes of the brick and
mortar solid elements were restrained in
the Y-direction to follow a simulated heave
dome. AutoCAD was used to obtain an
appropriate heave dome and the displace-
ments were read from the simulated dome.
The values presented in Figure 8b show that
the maximum displacement was 100, which
was converted to 1 mm maximum displace-
ment in the wall. The rest of the dimensions
were also divided by 100 and entered in the
appropriate displacement table in PROKON.
Because the wall panel is symmetrical, a
preview of half of the dome is provided
ranging from zero displacement found at the
corners of the wall panel, to the full 1 mm
displacement at the centre of the wall panel.

Evaluating the finite element model
The analysis is concentrated on general
flexibility. An indication of bond stresses
was assessed as the difference in horizontal
stresses between bricks and adjacent mor-
tar elements. Initial analysis used mortar
properties found in Costigan et al (2015)
and brick properties used later for analysis
of experimental panels. Figure 9 shows the
results of the finite element analysis of wall

12

Figure 7 Accepted mesh refinement in a brick solid element and mortar solid element

9842
98.68
99.42
99.85
100

Figure 8 (a) Masonry wall panel of eight bricks by ten courses with accepted mesh refinement,

(b) displacement values simulating one half of a heave dome

panels of eight bricks by ten courses with
displacements simulating a heave mound
using input parameters corresponding to
the mortars of Costigan et al (2015): M6
(Portland cement + hydrated lime) and
CL90 (hydraulic lime).

In the heave mound simulation illus-
trated in Figure 9, tension in the bricks at
the top centre of the panel for the M6 wall
was about 4 MPa. The stress in the mortar
just below the top row of brick elements was
approximately 0.4 MPa. The difference in
stress is very high and unlikely to be achiev-
able with any feasible bond strength. The
CL90 presented a stress of about 0.5 MPa in
the middle of the top row of brick elements.
The mortar had a stress of approximately

0.3 MPa just below the top row of brick
elements. The stresses in the wall panel
and the difference in stress between bricks
and mortar were far less with the CL90
mortar. Since cracking of light structures
usually follows mortar/brick interfaces, this
suggests that decreasing mortar strength
and stiffness would reduce susceptibility to
cracking due to heave distortion. It suggests
an explanation for the excellent long-term
performance of the buildings in Figures 1 to
4, and the deflection ratio of 1:360 used for
design in some countries, noted by Pidgeon
(1980) as being “... unlikely to guarantee

a satisfactory level of serviceability” (see
page 7 of this article). The results showed
strong correlation between the increase in
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X-stresses (kN/m2)

M6 Cement plus
hydrated lime mortar
S

X-stresses (kN/m2)
12165

CL90 Hydraulic lime mortar

. Presents the stress in the mortar solid elements

. Presents the stress in the brick solid elements

Figure 9 Results for finite element wall panels with applied dome displacements

Figure 10 Restrained finite element model

flexibility (and reduction of stresses) and
decreasing strength of mortar. This sug-
gested that it was worth proceeding with the
finite element model and performing tests
on physical panels built with a range of mor-
tars feasible for South African practice and
South African standards in order to com-
pare theoretical and experimental results.
Available testing equipment was not
well suited to modelling a panel on a heave
mound. Prevention of failure by instability
necessitated restraints, so the experimental
panels did not model the response to a
heave mound, as the above finite element
models did. However, the validity of the
finite element model should hold for a range
of boundary conditions, and it was consid-

ered that a feasible alternative experimental

model would be valid for assessing the gen-
eral validity of the finite element model.

The finite element program PROKON
was used to model restrained experimental
test panels using the mortar parameters
of Costigan et al (2015). This is shown in
Figure 10. The restraints at the top corners
are linear restraints in the conventional Y
and Z directions, while restraints at the
bottom corners are linear restraints in the
Z direction (see Figure 7). Deformation is
applied upwards to the central brick of the
bottom of the panel.

Results showed the same trends as
found in the preliminary investigation.
Stronger mortar (M6 — cement plus
hydrated lime) produced less flexible pan-
els. Figure 11 shows the results of the finite
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element wall panels of eight bricks by ten
courses simulating distortion applied in the
testing apparatus.

The applied displacements (1 mm)
resulted in very different stresses in panels
made with a strong, stiff mortar compared
to a weaker, more flexible mortar. As
can be seen in Figures 9 and 11, stresses
throughout the masonry panels decreased
considerably as mortar strength decreased
and flexibility increased.

In Figure 11 the wall with M6 mortar
(cement plus hydrated lime) shows tensile
stresses at the upper centre of about 3 MPa
and differential stress between bricks and
mortar approaching 5 MPa. The wall with
CL90 mortar (hydraulic lime) shows tensile
stresses at the same location of about
800 kPa and stress difference between bricks
and mortar of about 600 kPa. These trends
are quite similar to the heave mound results.

It should be noted that, although the
analysis does not indicate cracking failure
values, it is obvious that the M6 mortar
panel would not sustain the applied 1 mm
deflection before any feasible bond strength
(say 800 kPa compared with the indicated
5 MPa) was exceeded. The CL90 panel
shows close to eight times reduction in esti-
mated bond stress for the same deflection,
suggesting a much greater likelihood that
the applied deformation could be sustained.

MASONRY PANEL

TEST APPARATUS

A steel test frame to accommodate an
experimental masonry wall panel was used
to conduct displacement tests on such
panels. To maintain stability, and to provide
references for displacements, restraints were
applied to prevent vertical and lateral move-
ment of the corners of the panels. A 3 mm
steel plate was placed across seven evenly
spaced industrial levelling jacks on the lower
beam of the test frame. The panel — approxi-
mately 1 830 mm x 760 mm, consisting of
ten courses of eight standard cement bricks
(220 x 98 x 70 mm, 14 MPa) in stretcher
bond with mortar thickness 10 mm — was
built on top of the steel plate, covered with
plastic sheeting, and left to cure for seven
days. Figure 12 shows the test frame and

an experimental masonry panel ready for
testing. Two industrial levelling jacks were
placed at the top corners of the experimental
wall panel at positions (a) to provide restraint
and stability. Safety bars (b) were clamped to
the frame and a dial gauge (c) was mounted
to the safety bar on the opposite side. The

13



test frame is shown at (d) and the experi-

mental masonry wall panel at (e). The two

bottom industrial levelling jacks at the two
bottom corners are illustrated at (f) with the

fifth levelling jack at (g).

Wall panels were constructed using
various mortars to South African and
American standards ranging from cement
and sand without lime, to cement with high
lime and high sand content. Cement/sand/
lime ratios corresponded to:

B SANS 0164 Class III with 15% less than
the maximum allowable quantity of
sand, plus no lime, half of the maxi-
mum allowable lime and three-quarters
of the maximum allowable lime

B ASTM Type O, which corresponds with
SANS 0164 Class III with maximum
allowable sand and 20% less than the
maximum allowable lime (it, therefore,
falls within SANS Class III)

B ASTM Type K mortar.

RESULTS FOR MATERIALS, TEST
PANELS AND FINITE ELEMENT
ANALYSIS OF THE TEST PANELS

Material tests

Immediately after construction of the experi-
mental masonry panels, bond-test wallets
were built according to SANS 10164 (SANS
10164 2000) using the same mortar. Ten bars
of cross-section 10 mm x 12 mm and length
150 mm were cast, using the same mortar,

in perspex moulds, for the determination of
Young’s modulus. One week after construc-
tion, the experimental wall panel was tested
to failure, the three piers of the nine-brick
high wallets were tested for mortar bond

X-stresses (kN/m2)
37757

5000
3500.0

8 000.0

M6 (1:0.5:4)

12 500.0

17 000.0

214680

X-stresses (kN/m2)
-3006.2

-1400.0
400.0

1600.0

CL90 (0:1:3

3400.0

52000

7000.0
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Figure 11 Results of finite element wall panels with applied restraints and displacements

strength, and the ten bars of mortar were
removed from their moulds for determina-
tion of Young’s modulus by a bending test.

All Young’s modulus samples were
subjected to the same loading regime.
Mortar beams spanning 130 mm were
loaded at the centre of the span. Twenty-
four load increments of 14 g were applied at
5-second intervals. The Young’s modulus
values showed trends as expected. Figure 13
illustrates the setup of the Young’s modulus
test. This is an existing piece of apparatus,
originally designed for a similar test on clay
at high suction.

The SANS Class III no-lime mortar
mix had the highest Young’s modulus, as
illustrated in Table 4, and the lowest deflec-
tion under the maximum load applied. The
other mixes showed the Young’s modulus
decreasing and deflection increasing with
increasing lime and sand content. The
ASTM mortar mixes, showed considerable
increase in flexibility compared to the SANS
mortar mixes. Table 4 shows the results of
these tests for the three SANS mortar mixes
and the two ASTM mortar mixes.

In the masonry bond strength test, the
five different mortar mixes were used with

Figure 12 Test frame with masonry wall panel
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Figure 13 Apparatus used for Young’s
modulus test
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Table 4 Comparative results of Young’s modulus

Maximum Young's
deflection modulus
(1) (MPa)
SANS no-lime 0.055 2 266
SANS low-lime 0.051 1733
SANS high-lime 0.066 1389
ASTM O 0.072 1220
ASTM K 0.099 850

Table 5 Comparative results of the bond

strength tests
=
test (kPa)
SANS no-lime 363
SANS low-lime 418
SANS high-lime 345
ASTM O 291
ASTM K 223

standard cement bricks. For the wallets
built using the SANS Class III no-lime
mortar, the workability of the mix was
quite poor, as is usual for no-lime mortar.
The SANS Class III low-lime mortar mix
allowed better workability resulting in a
better bond between the mortar and the
brick. The remaining mixes showed a grad-
ual decline in bond strength as the propor-
tion of cement was reduced. It has been
noted that results of the standard bond test
may be highly dependent on the skill of the
bricklayer. On two sites where the require-
ments of SANS 10164 (SANS 10164 2000)
were strictly applied over the duration of

a project, a few bricklayers consistently
produced excellent bond strength results,

a few produced consistently poor results,
while most produced acceptable intermedi-
ate results. Table 5 shows the results of the
bond strength tests for the three SANS
mortar mixes and the two ASTM mortar
mixes. All test panels and all test wallets
were built by the same bricklayer.

Masonry panel tests

After removal of the plastic sheeting sur-
rounding the experimental masonry wall
panel, four of the industrial levelling jacks
were withdrawn from beneath the wall
leaving one jack directly under the centre
and two jacks at the lower corners. Two

of the jacks from beneath the wall were
used at each top corner of the wall to apply
restraint. A square tubing safety rail was
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SANS Class IlI
no-lime
mortar mix
with standard
cement brick

SANS Class Il
low-lime
mortar mix
with standard
cement brick

SANS Class IlI
high-lime
mortar mix
with standard
cement brick

ASTM Type O
mortar mix
with standard
cement brick

ASTM Type K
mortar mix
with standard
cement brick

4-

Ui oAl o st il
Figure 14 View of masonry wall panels upon initial failure
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clamped to the frame on either side of the
test wall as a safety measure. A dial gauge
mounted on one of the safety rails meas-
ured the vertical deflection at the centre of
the wall panel. The central levelling jack
was used to slowly raise the bottom centre
of the wall panel. The wall and the dial
gauge were filmed throughout the jacking
procedure. When the dial gauge made

a sudden advance, jacking was stopped,
and the panel was examined for breakage.
Figure 14 (see page 15) provides a view of
the wall panels upon initial failure. In the
case of the stiffest (no-lime) wall, breakage
was immediate and comprehensive; no fur-
ther jacking took place. In the case of the
most flexible walls, breakage was subtle,
did not necessarily begin at the top of the
wall, and further jacking led to gradual fail-
ure eventually reaching the lower courses
of bricks.

The various walls did not suffer initial
failure at the same positions. The panel
built using the SANS Class III no-lime
mortar mix absorbed the least amount of
displacement applied, and failed suddenly

Table 6 Comparative results of the
deformation tests conducted

Deformation

Mortar mix T
SANS no-lime 0.35
SANS low-lime 0.70
SANS high-lime 0.75
ASTM O 0.85
ASTM K 115

and comprehensively in the middle of the
wall, with the failure path going through
both bricks and mortar joints. The SANS
Class III low-lime wall panel absorbed
twice as much deformation as that of the
SANS no-lime mortar before failure began.
The failure in the SANS low-lime wall
panel originated in a mortar joint in the top
course of brickwork and moved gradually
downwards through vertical and horizontal
joints from top to bottom as more distor-
tion was applied. The failure crack became
noticeable when dial gauge deflection

reached about 1.2 mm. At 1.5 mm dis-
placement, the failure crack was just visible
at half-wall height. The Class III high-lime
mortar absorbed a little more deformation
before the gauge indicated onset of failure.
A crack became noticeable at about 1.2 mm
applied displacement. The panels using

the ASTM mortar mixes absorbed greater
deformation before failure was indicated
and considerably greater distortion before
failure cracking became visible. Both
absorbed approximately 4 mm of deforma-
tion before the failure crack was visible at
half-wall height. Table 6 shows the defor-
mation each wall panel could absorb before
initial failure was detected by means of the
dial gauge.

Finite element analysis

The form of the finite element stress
diagrams was similar for all walls with
gradually decreasing stress values for the
higher lime mortar. The combined stress
diagrams of the SANS Class III no-lime
mortar and the ASTM Type K mortar are
shown in Figure 15. The stress contours
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400.0
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4600.0
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Figure 15 Stress patterns for finite element analysis with the SANS no-lime and ASTM high-lime mortar under applied distortion of 1 mm
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cover the stress range 3.7 MPa tension to

5 MPa compression. Stresses outside this
range are bleached white. The stresses in
the ASTM mortar finite element wall panel
are considerably less than in the SANS
mortar finite element wall panel deformed
by the same applied displacement of 1 mm.
The stress reduction is considerably less
than that in Figure 11, which shows the
difference between Portland cement plus
hydraulic lime and hydrated lime with no
cement. This suggests that it is unlikely

to achieve the flexibility of hydrated lime
by mixing cement and hydraulic lime,

but it is possible to improve the flexibility
considerably. While these diagrams give
an indication of the stresses at the applied
initial theoretical displacement (1 mm),
they fail to indicate the high deformations
achieved before cracking became notice-
able in the flexible walls, or how gradually
the cracks progressed through those walls
as deformations increased to very high
values. The SANS no-lime wall in Figure 15
comprehensively failed at only one third

of this (1 mm) distortion, while the ASTM
wall did not even register detectable failure
at this same (1 mm) distortion.

PROBLEM TO BE OVERCOME
BEFORE ANY SUCH FINDINGS
CAN BE IMPLEMENTED

Under SANS 2001 (SANS 2001) the engi-
neer is no longer the authority in deciding
on materials and quality as was the case
under SANS 1200 (SABS 1983). Rather
than follow the advice of the engineer, the
principal agent now usually insists on the
cheapest mortar available. This usually
results in a product generally known as
bousand (building sand) being used with
only cement and no lime. Our tests on
such material, supplied by an NHBRC
(National Home Builders Registration
Council) inspector from a home building
site, showed that it failed the requirements
for fines (silt and clay) content and required
more than 70% above the permissible
amount of water to reach workability
adequate for bricklaying to take place. The
inspector was surprised and concerned
because this is typical of the material used
on all the sites inspected. The unacceptable
fines content is required to make mortar
workable if no lime is used in the mix. This
partly accounts for the unacceptable water
content. Even a sand of acceptable mortar
quality is not likely to reach good work-
ability within the permitted water content

without lime. As noted above, SANS 10164
(SANS 10164 2000) recommends sand
with a fineness modulus not less than 2.5
and the maximum allowable quantity of
lime. Sand of the required quality is avail-
able, but suppliers rarely stock such sand,
because current practice leads to almost no
demand for it.

The use of bousand has not only led to
extremely poor standards of masonry, but
it has also led to such a drop in demand
for building lime that its production has
dwindled, and its price has risen sharply.
Formerly building lime was available almost
everywhere where cement was sold, and at
a reasonable price. Today it is sold, but by
very few suppliers, and at an unreasonably
high price. If engineers and inspectors were
to insist on the basic SANS requirements
concerning fines content and water demand,
this situation could be changed. Unless it is
changed there is little likelihood that any-
thing will be done to improve the standard
of masonry in South Africa.

DISCUSSION AND CONCLUSIONS
Mortar mix design can lead to a significant
change in flexibility and susceptibility to
heave damage of masonry. The results of
this research project show that the greater
the sand and lime content, the more flex-
ible and less crack-prone the resulting
masonry is likely to be. Consideration
should be given to re-introducing Class III
mortar into SANS 10400 (SANS 1990) and
NHBRC requirements, as well as introduc-
ing a Class IV mortar corresponding to
ASTM Type K. This investigation suggests
that, adopting ASTM Type K mortar,
which calls for 12 parts of sand and 3 parts
of building lime for each part of cement,
would probably lead to significantly less
heave damage to light masonry structures.
Using SANS Class III mortar with maxi-
mum allowable sand and maximum allow-
able lime would probably also give very
good results. However, unless the existing
standards for the sand to be used in mortar
are enforced there may be little chance of
improvement in the failure statistics for
light structures in general and low-cost
housing in particular.

It is hoped that the results of this
investigation will change perceptions on
the cheapness or expensiveness of mortar
from the perspective of the overall cost
of a building project over an acceptable
lifespan. This would allow a rational
assessment of the cost savings which might
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result from using a more flexible mortar to
ameliorate the problem of cracking in light
masonry construction. This in turn could
lead to the possibility of a rational assess-
ment of the performance of foundation
and superstructure combined to achieve
reliable and economic design.
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