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ABSTRACT

Lime is among the binding agents used in binding masonry units, such as brick, in many
historical buildings around the world. Its physical strength, mechanical strength, and durability
properties, as well as its raw material composition, can play substantial roles in the structural
behavior of historic buildings. The production technologies may also differ according to their
specific use in the structural layout. Hence, the characteristics of lime mortars are of interest in
the assessment of the structural characteristics of historic buildings. In addition, the
determination of characteristics of lime mortars is also important for the production of
intervention mortars to be used in the restoration of historic buildings. This research focused on
the effects of egg white on lime mortar’s physical and mechanical properties. Five mixes were
prepared by maintaining a constant lime—sand-water ratio of 1:2:0.035. As the binder material,
the control mixture comprised only lime putty, while various percentages of egg white in the
range of 2-10% were used to prepare the remaining mixtures. An experiment was then
performed with different percentages of egg white to examine the lime mortar’s axial
compressive and flexural strength, as well as the water absorption. The results indicated that the
compressive and flexural strength of the lime mortar increased with the increasing percentage
of egg white added into lime mortar until the mixture reached 6% egg white. The addition of
8% and 10% egg white made the compressive and flexural strength start to decrease. Lime
mortar that contains 6% egg white had the highest compressive and flexural strength compared
to the other mix design groups. The axial compressive strength and bending strength of lime
mortar can also be influenced by the air pores.

Keywords: Compression test; Egg white; Flexural test; Lime mortar; Lime putty; Water
absorption; Workability

1. INTRODUCTION

Traditionally, ordinary lime has been one of the most significant binder materials, and initial
instances of its use have been found in Tunisia, Palestine, Oman, and Turkey. Toward the
middle of the 18" century, hydraulic limes started to supplant ordinary lime mortars, and the
use of lime had diminished with the expansion of Portland cement material in the 19th century
(Lubelli et al., 2011). This tendency was indeed nurtured by problems experienced concerning
the utilization of lime mortars, comprising elongated setting and hardening times, particularly at
very high relative humidity (RH); low internal cohesion; weak mechanical properties; and high
porosity. These attributes make lime mortar vulnerable to destruction caused by the salt
contamination when saturated with water (Andrew, 2005). At present, lime is frequently
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employed for restoring and conserving historic buildings, and it has become a chief material.
Furthermore, its characteristics make it highly suitable and long-lasting building materials; as a
result, it has been used in mortars, paints, and plasters for centuries. It has many favorable
properties that make it optimal for use in masonry restoration. Lime mortars exhibit antifungal
properties, high mechanical resistance and better waterproof protection in comparison to normal
strength concrete, epoxy, cast stone, cast aluminum and glass fiber reinforced polymer. Unlike
the framed structures with masonry veneers currently being built, traditional masonry structures
used to be only solid masonry (Groot, 2012). The wall thickness would provide strength and
keep moisture out of the living space. This was accomplished using plasters, lime mortars, and
paints (lime wash), as lime has the capacity to absorb large water quantities and can easily
release the moisture back into the atmosphere due to its porosity. Replacing the historic lime-
based materials with modern materials could cause a lock-in of moisture in the walls, thereby
leading to many complications, including interior water damage, masonry unit failure, and
structural failure of the interior wall’s wythes (Hughes, 2012).

Traditional materials, such as Roman mortar, lime mortar, and natural cement, are optimum,
and thus recommended, as they exhibit features like suitable strength in ancient buildings and
good compatibility. They are considered more effective than modern materials, as established
via modern research and history. When used in mortars, lime provides the benefit of higher
bond strength compared with unmodified non-lime mortars. In addition, the particle size of lime
is much smaller when compared with other common mortar binders. Thus, it can more
effectively bond with and fill in the pores of stone/brick. Moreover, the addition of air-
entraining agents, which result in the formation of bubbles and reduce the surface area contact
between the brick/stone and the mortar, is not necessary, as lime creates creamier mortars.
However, a few challenges prevail in the use of traditional lime materials. The curing process of
lime is different in terms of duration, compound, relative humidity and temperature, in which it
follows various mechanisms when compared with modern materials. Adverse weather
conditions may also influence the process. Sometimes, even experienced masons and
craftspeople that deal with modern materials face problems when installing lime materials. A
schematic overview of lime processing and the resulting materials is presented in Figure 1.
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Figure 1 Schematic overview of lime processing and resulting materials (Javadpour et al., 2002)

It should be noted that slaked lime will set gradually and lose water through the process of
evaporation; moreover, will absorb carbon dioxide from the air, thereby changing back from
calcium hydroxide, Ca(OH)2, to calcium carbonate, CaCOs3. Once slaked, the oxide from the
lime component will combine with water and become hydroxide, also called hydrated lime.
During the setting stage, the calcium hydroxide loses its water via the evaporation process, and
it will then absorb carbon dioxide from the air, becoming CaCO3z once again.
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Figure 2 Scanning electron microscopy (SEM) analysis: (a) prismatic portlandite crystals generated due
to hydration; (b) prismatic portlandite crystals generated due to the corrosion process along the prismatic
faces; (c) abundance of portlandite crystals; (d) subordinate submicrometer plate-like crystals
established in the Ca(OH). matrix

Javadpour et al. (2002) carried out a study to compare the size of fresh and aged lime putties, as
well as their crystal morphology, using several analytical methods to elucidate the
consequences of protracted storage under water on the calcium hydroxide. The lime putties
were made from calcium oxide (referred to as Sample A) and a traditionally prepared quicklime
(referred to as Sample B). Both lime putties were slaked under unremitting stirring, using a lime
to water ratio of 1:3, with the water at room temperature. By means of the X-ray diffraction
(XRD) and scanning electron microscopy (SEM) methods, the researchers established that in
both lime putties, prismatic calcium hydroxide crystals (Figure 2a) underwent significant size
reduction (from >2 to <1 um) and a substantial morphological transformation. This was due to
the greater solubility of the prism faces of the hexagonal portlandite, Ca(OH)2, crystals, which
became corroded during the aging process (Figure 2b), while the basal faces were unspoiled
(Figure 2c). Simultaneously, subordinate nucleation of plate-like, nanoscale portlandite crystals
was detected, as shown in Figure 2d.

For conservation repair work, a prior understanding and know-how regarding the building or
structure is essential before undertaking any work. This is especially true and important for
lime-based works. Sometimes, the original mortar may contain inherent defects. In addition,
over time, buildings and their surrounding environments may not remain the same. For
example, a building that was previously residential may now be a roofless ruin. To match the
new performance requirements, repair mortars may require a different design from the original
mortars. This study involves the addition of an organic material (egg white) to lime mortar to
modify its properties.

2. BACKGROUND OF THE STUDY

Currently, a revitalization of lime mortar utilization for repairing historical buildings is taking
place, owing to the unfavorable properties of Portland cement, including its high thermal
expansion coefficient, brittleness, and high strength. The very low porosity and large size of
pores may delay water movement in masonry and lead to deterioration owing to the buildup of
moisture in the cement matrix, as well as evaporation of salts in neighboring bricks.
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Furthermore, calcium sulfates and sodium salts may be present in the cement matrix, which can
leach out over time (Naceri & Chikouche Hamina, 2008). Moreover, this material has a low
efflorescence potential owing to its comparatively high chemical purity. In contrast, it has the
benefit of allowing limited movement in the mortar joints and can endure autogenous healing
due to the disbanding and sleet processes. Figure 3 demonstrates the process of the dry slaking
of lime using the minimum percentage of water, while Figure 4 visualizes the process of
preparing the hot lime by embedding burned limestone in the sand matrix.
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Figure 3 Process of the dry slaking of lime Figure 4 Process of making hot lime

For most historical masonry buildings, lime was the common universal binding material in
works involving plastering and mortars. One of the many reasons for its wide-scale application
was that it allows buildings to breathe (Snow & Torney, 2014). As lime is permeable to vapor,
it helps to mitigate the risks of trapped moisture and protects the building fabric from damage.
In addition, its porous nature (in open-textured materials like lime plaster) offers a comfortable
environment. Lime can release and absorb moisture to stabilize the building’s internal humidity.
It also helps to lower mold growth (Lubelli et al., 2011) and surface condensation. The growing
awareness of the use of lime mortar for repair works concerning historical buildings and
structures has led to plentiful research projects, predominantly concerning the properties and
characteristics of mortars in connection with their constituents, potential admixtures, and
numerous mixing ratios. Figure 5 shows the process of wet lime slaking, in which surplus water
is added to burned lime.

Figure 6 Earth slaked lime with a very firm
consistency
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During construction, the role of fresh mortar is crucial, but it is also complex. The mortar
should be easy to spread and remain workable for sufficient time to allow accurate lying to the
level of the masonry units and the line. In addition, it should retain water to avoid the drying out
or rapid stiffening of the walls, especially when absorbent masonry units are employed. As a
result, the hardening should follow within a reasonable timeframe to avoid squeezing effect or
deformation. As can be seen in Figure 6, the lime has a dry consistency before it has been
whipped.

The internal friction and retention of water content determine the workability of lime mortar.
These factors influence its flexural and compressive strengths, which in turn, define a mortar’s
overall quality and durability. The primary factor in workability is the water content, which
directly defines the mortar’s initial flow (Naceri & Chikouche Hamina, 2008). For example, a
large flow value can be achieved with a mortar with higher water content than the same mortar
with less water content. Lime mortar regulates the movement of moisture through the building,
as it has high porosity and is highly permeable. This also allows it to protect other materials,
such as masonry materials, from harmful salts. As lime allows the walls to breathe, it makes
people inside the buildings more comfortable. In addition, it helps in drying out the building
and avoids condensation problems. All these factors depend on the permeability and high-
porosity characteristics of lime mortars (Andrew, 2005). Figure 7 shows a schematic diagram of
the cement-hardening process. During the reaction with water, the cement particles grow, and
due to this phenomenon, cement fills up the aggregate over time. The particles are mixed with
water, and after a few hours, the binding starts to take place. After several months, a more
compact and rigid structure is formed.
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Figure 7 Process of cement hardening (Andrew, 2005)

Albumen is popularly known as egg white. Based on the egg size, 58-60% of the egg’s weight
is represented by egg white, which consists of 12% dry matter (primarily protein) and 88%
water. A large egg’s white portion comprises almost 17 calories and no cholesterol. The egg
white can be categorized into three parts—the inner liquid layer, outer liquid layer, and a liquid
layer of thicker consistency. It stops bacteria from penetrating the yolk. Egg white is generally
alkaline, and it contains nearly 40 different proteins (Shafabakhsh & Ahmadi, 2016). Egg
contains a high protein percentage, which is made up of amino acids, and this may affect the
properties of cement. Egg white can act as a powerful binding agent in food because of its high
protein concentration; proteins tend to bind together, as they are slightly elastic in nature. The
structure of an egg is presented in Figure 8.

3. MATERIAL PREPARATION AND TEST SETUP

Materials used in the experiment included the following: lime putty manufactured by the Great
Lime Factory Co. Ltd., egg white, and normal fine sand. Only the egg albumen, which is the
clear or misty substance that surrounds the yellow yolk, was used, since this is the part of the
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egg that contains different types of proteins, which are mostly composed of amino acids. The
egg was beaten until foamy to increase its ability to mix with the mortar mixture.

shell yolk
mammillary layer germinal disc
spongy layer latebra
pores light-coloured yolk
cuticle dark-coloured yolk
yolk membrane

membrane
air cell
inner shell
membrane
outer shell
membrane

albumen

chalaza
chalaziferous layer
thick egg white
thin egg white

Figure 8 Typical composition of an egg

Figure 9 Materials used: (a) lime putty; (b) albumen (egg white); (c) fine sand

Hardening of the mortars was studied using standard mortar prisms (40x40x160 mm), which
were prepared in accordance with the European standard (EN 196-1). Mortars were cured under
standard laboratory conditions (20°C, 60% RH). The hardening progress was studied by means
of mechanical strength tests. These tests were carried out by determining the compressive
strength and three-point bending using the standard mortar prisms at 7, 14, 21, and 28 days of
hardening (EN 196-1). The mixing proportion adopted was lime putty:egg white:fine
sand:water. There were five egg white solutions used, which were 2%, 4%, 6%, 8%, and 10%.
All the samples were mechanically mixed in a laboratory using a mortar mixer. Subsequently,
the samples were mechanically compacted into prism molds using a vibration table. These
samples were compacted into three layers (ASTM C348-97, 1997). All the specimens were left
to cure in the molds for at least 24 hours prior to de-molding, at which point, they were air-
dried until they reached the stage when they were suitable for carrying out the tests. The
workability of the fresh lime mortars with different percentages of egg white were then tested
(BS EN 1015-3, 1999). Next, flexural strength was tested following ASTM C348-97 after 7, 14,
21, and 28 days of curing using standard prism specimens; axial compressive strength was
tested according to ASTM C349-97 after 7, 14, 21, and 28 days of curing using broken prisms.
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In addition, water absorption tests were carried out at 7, 14, 21, and 28 days after the specimens
had been stored in the oven for 3 days.

4. RESULTS AND DISCUSSION

The results were obtained from the experimental programs of testing the flexural strength and
compressive strength of the lime mortar containing different percentages of egg white. Before
the flexural and compression tests, the testing of the workability of fresh mortar was carried out
to study how different percentages of the egg white solution would affect the workability of the
fresh mortar, and the results were recorded. Next, the water absorptions of lime mortar
containing different percentages of egg white were examined.

4.1. Fresh Workability

Figure 10 demonstrates the results concerning the workability of fresh lime mortar. The
workability of the control mix (lime mortar without any added egg white) was about 16.0 cm.
The lime mortar with 10% egg white had the lowest workability, at only 15.9 cm. In addition,
when the 2%, 4%, and 6% egg white concentrations were added to the lime mortar, the mortar
consistencies increased to 16.3 cm, 16.6 cm, and 16.8 cm, respectively.

16.8 -
16.6
16.4 -
16.2
16.0 -
15.8 A
15.6 -
15.4 A
15.2 A
15.0

Workability (cm)

0% 2% 4% 6% 8% 10%
Egg Albumen %

Figure 10 Workability of lime mortar with different percentages of egg white

However, when 8% and 10% egg white mixtures were added to the lime mortar, the consistency
of the lime mortar started to decrease, with a resulting workability of less than 16.8 cm. This
likely occurred because, as the concentration of egg white increased, the adhesive strength of
the egg white solution also increased. For egg white solutions with concentrations up to 6%, the
lime and sand particles slid against each other more easily, as the egg white functioned as a
lubricant; this made the mortar easier to spread. When the concentration reached 8%, the
workability result dropped due to the high adhesive strength of the egg white. This high
adhesive strength meant that the lime and sand particles stuck together easily, preventing
particles from sliding against one another. Under this condition, the microstructure of the lime
mortar was less compacted, leading to lower compressive strength.

4.2. Water Absorption

Figure 11 shows the results of the water absorption test of the lime mortar with different
percentages of egg white. Based on the data collected, after 30 minutes of immersion in water,
the water absorption of the lime mortar decreased when the mixtures with 2%, 4%, and 6% egg
white were added after 7, 14, 21, and 28 days. However, it started to increase again with the
addition of the 8% and 10% egg white mixtures. The lime mortar with 10% egg white had the
highest water absorption compared to the other mixes due to its many less-compacted pores,
which were more easily accessible to water than those of other egg white lime mortars. The
mixture that absorbed the lowest percentage of water was the lime mortar with 6% egg white.
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The addition of the egg white decreased the capillarity by various mechanisms. It made a thin
film that spread evenly over the mortar’s structure, covering the grains of the binder; this
resulted in decreased connectivity between the pores and limited water transport. Furthermore,
the addition of the egg white changed the pore size distribution in such a way that it decreased
capillary transport.
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Water Absorption
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0% 2% 4% 6% 8% 10%
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Figure 11 Water absorption of lime mortar with different percentages of egg white

4.3. Axial Compressive Strength

As can be seen in Figure 12, the lime mortar with the addition of 2%, 4%, and 6% egg white
showed an increase in the compressive strength as compared to the control mix of lime mortar
without egg white on days 7, 14, 21, and 28. This was due to the effects of the proteins in the
egg white on the mortar. Proteins can form bonding interactions with other proteins and
surfaces (Naceri & Chikouche Hamina, 2008). This may be proved in an experiment in which
egg white is spilled on two eggs and left to dry; after this occurs, it is hard to pull the two eggs
apart without breaking at least one of them (Andrew, 2005). The compressive strength of lime
mortar increased until the percentage of egg white reached 6%. It started to fall when 8% or
10% egg white was added to the lime mortar. It can be shown that, with the addition of more
egg white, the alkali content of the mortar will increase, since egg white is an alkaline solution.
This may have harmful effects on the mechanical properties of aggregates that are not
susceptible to alkali-silica reactions.
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Figure 12 Axial compressive strength of lime mortar with different percentages of egg white

The compressive strength of lime mortar can also be influenced by air pores. The entrapped air
pores are irregular in shape and form through the entrapment of air during the mixing process.
The water content and application of the lime mortar can influence the total porosity of the mix.
In addition, gravitation pores are big enough for the water to enter by gravitation force alone.
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Capillary pores in the lime mortar are filled by capillary condensation or capillary suction.
Adsorption pores, which are very small, are also called gel pores; they are only present in the
binder phase. Adsorption pores are filled when water molecules are adsorbed to the surface.
Depending on the RH in the air, the pores can be filled with water to a greater or lesser extent
according to the pore size and radius. Transportation of both gas and moisture is affected by the
amount of water filling up the pores. Figure 13 shows SEM photographs of lime mortar with air
pores, capillary pores, and gel pores.

Figure 13 Electron micrographs of lime mortar, from the left: air pores, capillary pores, and gel pores.
The scale bars shown, from the left, are 250 um, 100 pum, and 25 pm

In lime mortar, both chemically and physically bound water is present; it is the physically
bound water that can be absorbed via adsorption or capillary condensation. Adsorbed water is
attached to the pore walls by Van der Waals forces or several layers. In a sorption curve, the
three different gradients represent three different ways for the water molecules to be absorbed
inside the material—monomolecular adsorption, polymolecular adsorption, and capillary
condensation.

4.4. Bending Strength

Figure 14 shows the results of the bending strength test. The flexural strength of the lime mortar
showed increases from when 2% egg white was added to lime mortar until when 6% egg white
was added at all the testing stages (including 7, 14, 21, and 28 days). The lime mortar that
contained 6% egg white showed the highest flexural strength compared with the other mixtures.
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Figure 14 Flexural strength of lime mortar with different percentages of egg white

However, the flexural strength of the lime mortar started to drop after 8% or 10% egg white
was added to the lime mortar. Water expands as it turns into ice crystals to avoid crack
formation; there must be enough air-filled pores to allow the water to expand. At some degree
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of saturation, there will no longer be enough air, which will lead to frost damage. This is the
critical degree of saturation. If the moisture content is below the critical content, the materials
will endure an almost endless number of frost cycles. As soon as the critical content is passed,
however, damage can occur after only one cycle.

Flexural strength can be influenced by many factors. A decrease in the strength of lime mortars
can be caused by the formation of micro-cracks due to a drop in humidity in the room where the
specimens are stored (Hayri, 2013). According to the recorded results, the lime mortar with 6%
egg white had the highest flexural strength, while the lime mortar with 10% egg white was the
weakest mixture.

5. CONCLUSION

This study was conducted to examine the mechanical and engineering properties of lime mortar
with the addition of different percentages of egg white. Based on all the data obtained from the
laboratory investigations on lime mortar mixes with various percentages of egg white, a few
conclusions can be derived. The workability of fresh lime mortar increased when 2%, 4%, and
6% egg white were added to the lime mortar. In contrast, the lime mortar with 10% egg white
had the lowest workability. The compressive and flexural strength of the lime mortar increased
with increasing percentages of egg white added to lime mortar until the mixture reached 6% egg
white. Moreover, the addition of 8% and 10% egg white made the compressive and flexural
strength start to decrease. Lime mortar containing 6% egg white had the highest compressive
and flexural strength compared to the other mix design groups. The axial compressive strength
and bending strength of lime mortar could also be influenced by the air pores.
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