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Abstract

Khorasan mortar, a traditional, durable, and environmentally friendly building
material, has been utilized for centuries in the Khorasan region of Tiirkiye. Its
composition, which is based on natural hydraulic lime, imparts exceptional strength,
breathability, and workability, making it suitable for diverse construction projects.
Consequently, investigating the mechanical properties of Khorasan mortar,
specifically its interaction with stone elements in historical buildings, in various
mixing ratios, can provide valuable insights into the preservation and future of these
architectural treasures. This study focuses on researching Khorasan mortar as a
material of interest, utilizing brick ballast, lime, standard sand, water, and egg white,
with a particular emphasis on egg white-stabilized Khorasan mortar. Four different
water contents (70%, 80%, 90%, and 100%) were carefully selected, based on the
dry mass of the egg white, to prepare a total of 12 samples (three identical samples
for each water content) for testing. Prior to testing, the samples were cured for seven
days in a desiccator. Unconfined compression strength tests were conducted, and
axial strain-stress graphs were plotted to determine the unconfined compression
strength (UCS) of the mixtures. The results revealed that the mixtures containing
80% water content exhibited the highest UCS values, while the samples with 90%
and 100% water content demonstrated similar UCS values. The minimum UCS was
approximately 0.518 times the maximum value, suggesting the importance of
optimizing the water amount in Khorasan mortar formulations.

1. Introduction

and distinctive composition, Khorasan mortar
relies primarily on natural hydraulic lime (NHL) or

The preservation of cultural heritage stands as a
powerful testament to a nation's strength, with the
imperative for enduring structures resonating
across the globe. This demand has compelled
engineers to explore and investigate materials that
can withstand the pressures exerted on buildings,
emerging as a significant global concern. Khorasan
mortar, historically employed in civil engineering
structures by various empires such as the Ottoman,
Roman, Byzantine, and Seljuk [1], epitomizes a
traditional mortar that has thrived for centuries in
the Khorasan region of Tiirkiye, encompassing
present-day Iran, Afghanistan, and Central Asia.
Celebrated for its exceptional durability, strength,
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hydraulic lime derived from quicklime obtained by
burning limestone with clayey impurities. The
utilization of NHL endows the mortar with the
ability to set and harden even in the presence of
moisture, rendering it particularly suitable for
construction in humid or wet environments. A
fundamental hallmark of Khorasan mortar lies in
its dependence on natural materials and sustainable
production methods, effectively reducing the
environmental impact associated with the
production of conventional Portland cement-based
mortars. This alignment corresponds with the
mounting global emphasis on eco-friendly and
sustainable building practices. Furthermore,
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Khorasan mortar offers several practical
advantages. Its exceptional breathability facilitates
the efficient transfer of moisture vapor, mitigating
the risk of trapped moisture within the masonry.
This attribute holds particular value for historic
restoration projects and regions with high
humidity, averting damage caused by moisture
accumulation. Moreover, Khorasan mortar
showcases superior workability and adhesion
properties, empowering skilled craftsmen to
achieve intricate and precise detailing in masonry
construction, while its flexibility accommodates
the natural movements of buildings, diminishing
the likelihood of cracks or structural damage.
Overall, Khorasan mortar represents a sustainable
and high-performance alternative to conventional
mortars, rendering it a favored choice for a wide
spectrum of construction projects, spanning from
the preservation of historical landmarks to
contemporary sustainable architecture. The recent
devastating  earthquakes that struck the
southeastern part of Tiirkiye brought the use of
Khorasan mortar to the forefront once again.
Historical structures constructed with this mortar
have proven their resilience due to the strength
conferred by lime [1]. Notably, Khorasan mortar
exhibits remarkable resistance to seawater, making
it highly suitable for cities in close proximity to the
seaside, where moisture content is substantial.
Various studies have examined the usage of
different admixtures in Khorasan mortar [2-9]. For
instance, egg white can be incorporated in a
mixture at a ratio between 5% and 25%, with 10%
appearing to be the optimum ratio in terms of
maintaining strength [2]. The addition of
polypropylene fiber admixture reduces mortar
shrinkage by approximately 35% compared to
control samples [3]. The investigation of
lime/aggregate and lime/brick aggregate ratios
revealed that a 1:1 ratio yielded the maximum
compressive strength [4]. Calcium-rich fly ashes
prove effective in mixtures due to their significant
CaO content. When fly ash was added to the
mixture, along with tile ballast, at varying ratios
(10%, 20%, 30%, and 40%), compressive strength
was notably enhanced by up to 75% [7]. The
optimization of lime/aggregate and lime/brick
aggregate ratios in Khorasan mortar demonstrated
that ratios of 0.67 and 0.75, respectively, yielded
the best results [8]. Additionally, the inclusion of a
low percentage (between 2.5 and 10) of bentonite
improved the unconfined compression strength
(UCS) of the mortar, with 5% being the optimum
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ratio, resulting in an approximate 20%
enhancement in UCS values [9]. The extended
setting time and relatively lower strength of
Khorasan mortar in comparison to cement can be
addressed by modifying additives or adjusting
water content in the mortar. Canbaz and Giiler [11]
examined the effect of lime type on the properties
of Khorasan mortar. According to analysis results,
they revealed that lime type had significant effects
on the strength of Khorasan mortar. In this study,
the effect of water content on the unconfined
compression strength value was investigated, with
egg white serving as an additive. The water content
of any mixture containing clayey materials can
provide insights into its strength and durability.
Given the paucity of research on this subject, this
study aims to contribute to the body of knowledge
surrounding Khorasan mortar.

2. Material and Method
2.1. General Information

This section provides a comprehensive account of
the experimental investigation conducted on
Khorasan mortar, delving into the effects of varying
water contents. The materials employed in the study
comprised brick ballast, lime, and standard sand, all
derived from the Khorasan clay. These materials
were procured from Eksioglu Ltd. Sti., a local
company located in the center of Zonguldak.
Additionally, eggs were obtained from a local
market. Brick ballast was used as a powder form.
Fig. 1 illustrates all the materials utilized in the
study, which were stored in a controlled room
environment devoid of any direct exposure to
sunlight. During the preparation of Khorasan mortar,
the materials were mixed with the help of a special
tray at certain mixing ratios until they became
homogeneous. The chemical compositions of
materials were presented in Table 1. Then, the
aggregate gradations were shown in Figs. 2-4

Figure 1. Materfals used for the Khorasan mortar
a) brick ballast b) standard sand c) lime d) egg white.
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Table 1. The chemical composition of materials

Chemical Free Water
composition  SiO; AlL,O3; Fe0O3 TiO; CaO MgO KO NaO SOs L.O.l. Absorption
CaOo
(%) Rate (%)
Brick ballast 62.1 179 1031 038 146 141 193 NA 003 NA 102 14
Lime 151 163 0.76 NA 9190 255 018 NA 126 NA NA 13
Powder 98.03 NA NA NA 115 NA NA NA NA NA NA 2.8
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Figure 2. The aggregate gradation of sand.
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Figure 3. The aggregate gradation of brick ballast.
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Figure 4. The aggregate gradation of lime.

This study encompassed the utilization of four
different water content levels, namely 70%, 80%,
90%, and 100%. The determination of water content
was based on the formula "water amount * 100/egg
white," thereby expressing the water percentage
relative to the dry mass of the egg white. For each
water content level, three identical samples were
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meticulously prepared, ensuring consistency in both
water amount and additive quantity. The primary
constituents of Khorasan mortar, namely brick
ballast, standard sand, and lime, were combined in a
ratio of 9:3:4, respectively, within the mixture.
Notably, a 60% water content level was initially
attempted numerous times; however, the samples
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proved fragile and lacked cohesion during
preparation, leading to their exclusion from the study.
To facilitate better comprehension, the mixtures were
assigned unique codes. For instance, the mixture code
EW70C7-1 signifies "EW" as egg white, "70"
representing the water percentage relative to the egg
white amount, "S" denoting the sample, and "1"

indicating the sample number. There were prepared 3
identical (same additive ratio and same water content)
samples. Therefore, samples were numbered as 1, 2
and 3. The admixture ratio within the mixture mirrors
that of the lime component. Further details regarding
the mixture compositions can be found in Table 2.

Table 1. Mixture details

Mixture Sample Water  Egg White Brick Standard Lime

Code Number (9) (9) Ballast (g) Sand (g) (9)
EW70S1 1 28 40 90 30 40
EW70S2 2 28 40 90 30 40
EW70S3 3 28 40 90 30 40
EW80S1 1 32 40 90 30 40
EWB80S2 2 32 40 90 30 40
EW80S3 3 32 40 90 30 40
EW90S1 1 36 40 90 30 40
EW90S2 2 36 40 90 30 40
EW90S3 3 36 40 90 30 40
EW100S1 1 40 40 90 30 40
EW100S2 2 40 40 90 30 40
EW100S3 3 40 40 90 30 40

2.2. Specimen Preparation

Brick ballast was prepared for use by grinding it with
a Los Angeles abrasion test device. A total of 1500
revolutions were performed to attain a finer material
suitable for testing purposes. Additionally, egg white
was exclusively incorporated after being broken and

mixed in a porcelain dish. The materials comprising
Khorasan mortar were meticulously blended to ensure
homogeneity. To achieve smooth and uniform
compaction, equal amounts of the sample were
poured for each layer. The compaction process was
carried out using specialized Harvard compaction test
equipment, as illustrated in Fig. 5a.

c)

Figure 5. Harvard test equipment a) full set b) compaction mould ¢) compaction with hammer.

2.2. Unconfined Compression Strength (UCS)
Test

Unconfined compression strength test is one of the
most important signs of the change in strength and it
is not a time-consuming test. Usage of low number of
materials (because of the preparation of test with

Harvard miniature compaction test equipment) make
this test also favorable. There is no study that research
the unconfined compression strength of Khorasan
mortar stabilized soils with various water content.
ASTM D2166D2160M-16 [10] standard was used for
unconfined compression strength. The cured samples
were carefully positioned on an automated triaxial
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compression test device, as depicted in Fig. 6.
Pertinent information regarding each sample, such as
diameter, height, and mixture code, was recorded
during the initial stage. A data saving interval of 1
data point per second was selected for precise data
acquisition. The approximate dimensions of the
samples were measured to be approximately 33 mm
in diameter and 71 mm in height.

Figure 6. Automated triaxial compression test
device for unconfined compression strength.

To ensure compliance with the standard requirements
[10], a loading rate of 0.71 mm/min was selected, as
this would facilitate the attainment of a 10% axial
strain within a 10-minute duration of the test. The
lower part of the device was gradually elevated until
it made contact with the sample, while the top part
was positioned accordingly. The efficacy of this
alignment was verified by monitoring the load
variation displayed on the program screen. The
automated triaxial compression test device provided
comprehensive results pertaining to the axial stress
and strain of the samples.

3. Results and Discussion

This section provides a concise summary of the
stress-strain graphs obtained from the automated
triaxial compression test device for the various
mixtures. For instance, in the case of the EW70S1
sample (Fig 7a), the unconfined compression strength
(UCS) is determined to be 606.26 kPa, with the axial
strain (g¢) reaching a value of 2.95% at the maximum
stress (UCS). The stress increase during the first 60
seconds of the test (¢ = 0 - 1) for the EW70S1 sample
was relatively slow, followed by a rapid enhancement
beyond & = 1% until the maximum stress was attained.

Similar stress-axial strain behavior is observed for the
EW70S2 and EW70S3 samples, as evident from Fig
7b and 7c. The axial strain (g) values at the maximum
stress are found to be closely distributed between
2.23% and 3.02%. The maximum UCS value being
1.13 times the minimum UCS value is within an
expected range. The average UCS of the three
samples is determined to be 646.88 kPa, which
closely aligns with the value of the third sample
(EW70S3). Regarding failure behavior, EW70S1 and
EW70S3 exhibit similarities, as illustrated in Fig 8a
and 8c, while EW70S2 showcases a slightly different
failure pattern. The failure image of EW70S2 presents
a characteristic 45° angle from the top of the sample
to the peak, which is further validated by the axial
strain-stress graph in Fig 8b

The EWBS80S1 sample exhibits an unconfined
compression strength (UCS) of 792.33 kPa, with an ¢
value of 2.42% at the maximum stress, as depicted in
Fig. 9a. During the initial 30 seconds of the test (¢ =0
— 0.5) for the EW80S1 sample, stress enhancement
was relatively gradual, followed by a rapid increase
between € = 0.5% and 1%. The graph slope exhibited
a slower rate during the axial strain range of 1% to
1.5% compared to the first part. The speed of the
graph for the third segment, from & = 1.5% to 2.42%,
resembled the behavior observed in the initial part.
Notably, the graph behavior for the EW80S1 sample
differs slightly from that of EW80S2 and EW80S3, as
illustrated in Fig. 9b and 6¢. The axial strain (&) values
at the maximum stress are closely distributed between
2.03% and 3.02%. The difference between the
maximum and minimum UCS values is 119.63 kPa,
which is considered acceptable for this level of UCS,
as one value is only 1.15 times that of the other. The
average UCS of the three samples is determined to be
853.98 kPa, closely aligning with the value of the
second sample (EW80S2). Regarding failure
behavior, EWB80S1 and EWS80S2 demonstrate
similarities when observed in Figs. 10a and 10b.
Conversely, EWB80S3 exhibits failure initiation from
the bottom part, while the other samples fail from the
top. EW80S2 exhibits a well-known failure pattern
characterized by a 45° angle. The axial strain-stress
graph in Fig. 10b further supports this observation, as
a rapid stress reduction is observed after reaching the
UCS value compared to the other samples.
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Figure 7. Stress-axial strain graphs for mixtures having 70% water content.
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Figure 10. Failure views for samples a) EW80S1 b) EW80S2 ¢) EW80S3.

The EWO90S1 sample exhibits an unconfined
compression strength (UCS) of 792.33 kPa, with an ¢
value of 2.42% at the maximum stress, as depicted in
Fig. 9a. During the initial 30 seconds of the test (¢ =0
— 0.5) for the EW80S1 sample, stress enhancement
was relatively gradual, followed by a rapid increase
between € = 0.5% and 1%. The graph slope exhibited
a slower rate during the axial strain range of 1% to
1.5% compared to the first part. The speed of the
graph for the third segment, from & = 1.5% to 2.42%,
resembled the behavior observed in the initial part.
Notably, the graph behavior for the EW80S1 sample
differs slightly from that of EW80S2 and EW80S3, as
illustrated in Fig. 9b and 6¢. The axial strain (€) values
at the maximum stress are closely distributed between
2.03% and 3.02%. The difference between the
maximum and minimum UCS values is 119.63 kPa,
which is considered acceptable for this level of UCS,
as one value is only 1.15 times that of the other. The
average UCS of the three samples is determined to be
853.98 kPa, closely aligning with the value of the
second sample (EW80S2). Regarding failure
behavior, EWS80S1 and EWS80S2 demonstrate
similarities when observed in Figs. 10a and 10b.
Conversely, EWB80S3 exhibits failure initiation from
the bottom part, while the other samples fail from the
top. EW80S2 exhibits a well-known failure pattern
characterized by a 45° angle. The axial strain-stress
graph in Fig. 10b further supports this observation, as
a rapid stress reduction is observed after reaching the
UCS value compared to the other samples. The
unconfined compression strength (UCS) of the
EW90S1 sample is determined to be 516.78 kPa, with

an ¢ value of 2.42% at the maximum stress, as
illustrated in Fig. 11a. During the initial 45 seconds of
the test (¢ = 0 — 0.75) for the EW90S1 sample, stress
enhancement was relatively gradual, followed by a
rapid increase between € = 0.75% and 2.42%. The
behavior of the second graph for the EW90S2 sample
differs from that of EW90S1 and EW90S3, as evident
in Figs. 11a, 11b, and 11c. The graphs for EW90S1
and EW90S3 indicate ductile behavior, whereas the
graph for EW90S2 exhibits brittle behavior. After
reaching the maximum stress, there is a rapid
reduction in stress for the EW90S2 sample compared
to the graphs of EW90S1 and EW90S3. The axial
strain (€) values at the maximum stress exhibit slight
variations between the samples, ranging from 2.42%
to 4.65%. The difference between the maximum and
minimum UCS values is 89.56 kPa, which is
considered acceptable given that one value is only
1.21 times that of the other. The average UCS of the
three samples is determined to be 465.18 kPa, which
is close to the value of the second sample (EW90S2).
Regarding failure behavior, all samples exhibit
distinct characteristics when observed in Figs. 12a,
12b, and 12c. The EW90S1 sample appears to be
nearly split in half (Fig 12a), while the axial strain-
stress graph indicates a ductile behavior. EW90S2
showecases a similar failure pattern (Fig 12b), with a
sharp decrease in stress after reaching the maximum
value, as observed in Fig. 12b. The bottom part of the
EW90S3 sample is observed to have undergone
significant breakage, as depicted in Fig. 12c, with a
stress value of approximately 380 kPa even when the
€ value reaches 6.25%.
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Figure 11. Stress-axial strain graphs for mixtures having 90% water content.
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The unconfined compression strength (UCS) of the
EW100S1 sample is determined to be 412.14 kPa,
with an ¢ value of 2.17% at the maximum stress, as
depicted in Fig. 13a. During the initial 45 seconds of
the test (¢ = 0 — 0.75) for the EW100S1 sample, stress
enhancement was relatively gradual, followed by a
rapid increase between € = 0.75% and 2.17%. The
behavior of the graphs for the EW100S1, EW100S2,
and EW100S3 samples appeared similar, as observed
in Figs. 13a, 13b, and 13c. However, the graphs for
EW100S3 exhibit a slightly more brittle behavior
compared to EW100S1 and EW100S2. There is a
significant stress reduction of 200 kPa within a small
¢ range (between 3.6% and 4%) after reaching the
maximum stress for EW100S3. This reduction occurs
more rapidly compared to EW100S1 and EW100S2,
as indicated by their respective graphs. The axial

strain (€) values at the maximum stress exhibit slight
variations between the samples, ranging from 2.17%
to 4.05%. The difference between the maximum and
minimum UCS values is 72.76 kPa, which is
considered acceptable given that one value is only
1.18 times that of the other. The average UCS of the
three samples is determined to be 442.51 kPa, which
is close to the value of the second sample (EW100S2).
Regarding failure behavior, EW100S1 and EW100S2
samples exhibit similar characteristics, with the
breaking initiating from the bottom and displaying a
comparable shape, as depicted in Figs. 14a and 14b.
In contrast, EW100S3 demonstrates a typical failure
behavior (Fig. 14c) when considering the axial stress-
strain graph (Fig. 13c) in conjunction. A significant
decrease in stress (approximately 180 kPa within an g
range between 3.60% and 4%) is observed after the
occurrence of maximum stress.
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Table 3. Results of unconfined compression strength

tests.

Mixture Sample € ucs

Code Number (%) (kPa)
EW70S1 1 2.95 606.26
EW70S2 2 3.02 686.90
EW70S3 3 2.23 647.49
EW80S1 1 2.42 792.33
EW80S2 2 3.02 857.64
EW80S3 3 2.23 911.96
EW90S1 1 2.42 516.78
EW90S2 2 2.95 451.54
EW90S3 3 4.65 427.22
EW100S1 1 2.17 412.14
EW100S2 2 4.05 430.49
EW100S3 3 3.60 484.90

All the results have been compiled and presented in
Table 3. It is noteworthy that the axial strain (g) values
corresponding to the attainment of UCS for the
mixtures do not exceed 4.65%. The overall average of
¢ is calculated to be 2.98%. These strain values at
maximum stress suggest that the mixtures have been
effectively stabilized with lime. The increase in water
content from 80% to 90% results in a significant
reduction of approximately 45.43% in the average
UCS value. Further increasing the water content up to
100% does not bring about any significant change in
the UCS. The EW70 and EWS80 samples exhibit €
values that do not surpass 3.02%, whereas the EW90
and EW100 samples demonstrate axial strains of
4.05% and 4.65% respectively. This observation may
serve as an indication of the comparatively lower
strength of the EW90 and EW100 samples when
compared to the EW70 and EW80 samples.

4. Conclusion and Suggestions

In this study, the optimization of water content for
Khorasan mortar samples was thoroughly
investigated, leading to the following conclusions:

» The unconfined compression strength (UCS)
test results revealed that mixtures containing
80% water content exhibited the highest UCS
values, indicating their optimal composition.

» The samples with EW100 mixtures, which
had the highest water content, exhibited the
lowest UCS values. This suggests that
increasing the water content beyond a certain
threshold does not have a positive effect on
the strength of the mixtures. On average, the
UCS of these mixtures was approximately
0.518 times lower than that of the EWB80
mixtures.

» Water contents lower than 70% were also
experimented with, but the lack of sufficient
moisture resulted in poor cohesion between
particles. As a consequence, the samples
were dry and prone to breakage upon
extrusion from the sample extractor.

» These findings highlight the importance of
considering the water content when preparing
Khorasan mortar. Insufficient water content,
without proper research, may be responsible
for the lower unconfined compression
strength observed in the samples.

These conclusions offer valuable insights for the
preparation of Khorasan mortar, emphasizing the
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significance of optimizing the water content to
achieve the desired strength and quality in the mortar. Conflict of Interest Statement
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