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Abstract

Imni Tomb is one of the most important tombs in Lisht, which was called Ist tawy in ancient
Egyptian language. It is located about 60 km south west of the Egyptian capital Cairo, its
history dating back to the Middle Kingdom that included two phases, the 11th Dynasty and
the 12th Dynasty between 2050 to 1710 B.C. El-Lisht was investigated in 1882 by
Egyptologist Gaston Maspero. The tomb suffered from salt weathering. The salt crystals can
be seen clearly and starkly in the form of thick crust on the exposed surface of the tomb
limestone and on the painted inscriptions. It led to losing some inscriptions and damaging
others. Crystallized salts appeared in several forms; fluffy, needle, prismatic and cubic form.
This proposal aimed to study the action of salts in Imni tomb, through studying the types of
salts, the building materials and the nature of bed rock surrounding the tomb. types of salts
formed were investigated to identify their origin, source and the crystallization process as
well as studying the quality of building materials in the tomb, the bedrock to see the impact of
salt weathering on them, and to determine the root causes of the problem and to develop a
proposal for treatment and conservation. This study was carried out by using a variety of
methods of analysis and examination. Physical properties of the building materials of Tomb.
Generally, the results indicated that Calcite (CaCO3) was the main component of the Imni
tomb and Halite (NaCl) was the main crystalized salt on the surface. The main source of these
salts is the mother rock, where the salts are present in abundance and density. Salts
crystallization in-between the minerals grains or below the exterior surface was the main
cause of deterioration the exterior polish surface of the limestone blocks and what they had of
painted inscriptions.
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Introduction

Al-Lisht archaeological region is located 60km south west of Cairo, Egypt. It is
considered one of the most important archaeological sites in Memphis cemetery, as it was a
central place for the eleventh and twelfth dynasties that dated back to the era between 2050 and
1070 B.C. [1-2]. The region contained many tombs of pharaonic age, which are distinguished
and very important such as Senosert Ankh and Imenimhat tombs [3-4]. The most important one
is the tomb of Imni “the leader of the army” (Fig. 1), which was discovered in 1882 by Gaston
Maspero [5-6].
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Fig. 1. Parts of the tomb which indicated the salt weathering for painted inscriptions and building limestone

Salt weathering is considered one of the most fatal deterioration factors which damage
the building materials and the exposed bed rock. A lot of researches focused on that factor
because many of ancient Egyptian archaeological buildings such as tombs and temples decayed
and deteriorated because of it [7-9].

The past decennium has seen a growing scientific concern in the still poorly understood
subject of salt weathering, a phenomenon with considerable cultural and economic results. This
interest has led to an accretion in research and growing clearness of the roles of salts in
weathering and destruction [10].

Salt weathering is a major decay mechanism affecting historic architecture and statuary,
as well as archaeological tombs. Many archaeological sites in Egypt in general, suffered from
severe deterioration factors compared to the conditions in which they were originally
discovered and excavated, as the absence of durable conservation practice, exposure to semi-
arid climatic conditions, increasing pollution and pressure. Rock porosity influences
permeability and makes space for water retention. Many archaeological tombs in Egypt have
already been partially or even completely destroyed by salt attack. The most common and
dangerous salts present in Egyptian stone buildings was sodium chloride in the form of Halite
(NaCl), and gypsum [11-13]. The most dangerous ones are often highly soluble in water that
transported within the porous material by physical processes such as crystallization pressure
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process. Salt damage of building stones are normally associated with the variation of the water
content of the porous material as well as the humidity fluctuations of the surrounding
environment. As a result, salt phase transitions and crystallization will appear. It is known that,
the air pollution, ground water rising up through foundations and the use of inappropriate
treatments materials are the main sources of the salts in addition to building materials which
may carry salts as a natural component in their composition [14-18].

The salts usually crystalized in three forms; on the exposed surface (efflorescence),
between the different surfaces (sub-florescence) and inside the material pores (crypto-
florescence) [19-22]. The location of salt crystallization depends on the flow of water and the
permeability of the substrate, which allows the salt to move. The crystallization of salt causes a
rise in volume and the thermal expansion differences between the salts and building material
lead to internal stress. The salt liquid phase permits salts to be transported and evaporated which
can occur on the exposed surfaces (efflorescence) or in the pores (crypto-florescence) [23-26].
The deterioration effect caused by the salt strongly depended on the nature of the building
material and the surrounding environmental conditions. In the semi-arid environment, which
characterized by its extreme climate and the diverse of temperature and humidity in addition to
the condensation which occurred in the first hours of the day leads to crystallization and
dissolution of the salts in repeated actions. As a result, it leads to deform and crack the building
material. During the recrystallization process, the cracks are enlarged and spalled the
architectural elements such as pillars. Also, the availability of the salty solution and the
fluctuation of air movement in the open area of the semi-arid environment lead to continuous
crystallization of the salts on the external surface in the form of thick crust [27-31].

Some authors studied the crystallization process of soluble salts inside the natural porous
of the materials which was partially immersed in different saline solutions. Porous materials are
suitable for migration of salt solution to the surface, where salt can be crystallized [32-36].

The aim of the present work was to identify the type of salt causing the weathering of
Imni Tomb. Various analytical techniques were used to investigate the formed phases and their
crystal structure such as using X-Ray diffraction spectrometer (XRD), X-Ray Fluorescence
spectrometer (XRF), Optical and polarized Microscope and (FTIR) Fourier Infra-red
spectroscopy.

During the field visit of the tomb, as shown in the images in figure 1, it is clear that the
tomb was built at the foot of the mountain, the stone blocks appeared to have different colors
than the parent rock.

The tomb lost great part of their painted inscriptions because of the salt weathering on
the surfaces of the walls of the tomb and its columns which was detected to the naked eye.
These salts formed in many forms, shapes and colors. It threatened the inscriptions on the
stones to be completely lost as shown in figures 2 and 3.

Materials and Methods

Sampling

Stone Samples

A number of stone samples were collected from the walls, the foundations and from the
pillars of the tomb. Also, other samples were collected from the mother rock where the tomb
was hewed and built to investigate the main components.

Salt Samples

During the field survey of the tomb of Imni, salt crystallization was detected. Those salts
were crystallized on the walls of the tomb and above the painted parts and inscriptions. They
took several forms on the walls of the tomb. The visual detection showed that, salts had various
colors such as white, yellowish, and bluish white. Samples of salts were collected from different
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locations of the walls of the tomb, from pillars and their foundations in addition to the bed rock.
(Figs. 2, 3,4 and 5)

Painted Samples

Although the tomb had some red painted places, red painted inscriptions are in very poor
conditions due to the crystallization of salts on the surface of the walls. A red sample of painted
inscription was collected as well to identify the pigment used and the organic binder too (Fig.
1).

Fig. 2. Optical microscope investigation of lime stone building walls showed many fine cracks, empty in some cases
filled with salts., salts covered most of the sample surface some gaps and cracks, weakness of the surface

Fig. 3. The visual study with light microscope of samples of stone walls.
The samples showed cracks and decomposition of the surface and sample of the pillar

It is characterized by crystallization and recrystallization as a result of their
hygroscopicity, causing pressure on the exposed surfaces of the stone structure. When the salts
started to crystalize on the surface of the stone, it takes several forms such as fluffy, needle,
prismatic and cubic. Therefore, the importance of this study is to determine the nature of salt
weathering that hit the tomb, its inscriptions and the quality of crystallized salt, as well as
studying the quality of the building stone, its nature and its characteristics to show the extent
damage which hit the tomb and find out the most appropriate treatment and protection methods
(Figs. 4, 5 and 6).
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Fig. 4. Polarizing microscope investigations of salts samples which indicated
the full crystallization of salts that taken a cubic shape

Fig. 5. Polarizing microscope examinations of salts samples taken from places less exposed to sunlight. Salts looks like
saline veins overlapping with the limestone structure, causing saline breaks to weaken the stone construction
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Fig. 6. The photographs with Polarizing Microscope showed that, fossils and organic remains were found in the
limestone samples used in the walls, columns and bases of the tomb. Indicating that the limestone used on walls of the
tomb is dolomite As for the samples of the mother rock, it is clear from the three pictures in bottom that there are no
organic remains

Instruments and Analytical methods

Microscopy Examination

The samples were investigated and studied by using the Wild M8 stereomicroscope, with
the Olympus BX51 optical microscope [37-39].

Polarized Microscope was used to investigate and examine the samples which prepared
for that purpose. Samples were prepared in Faculty of science department of geology, Cairo
University for a thin section mode. Four stone samples were prepared on glass thin section in
dry mode. Two of them were from adding stone and others from bed rock (mother rock
surrounding the tomb). Four salts sample were collected from fabricated stones and the bed
rock [40-42].

Fourier transforms infrared spectroscopy (FTIR)

One sample from red painted inscriptions was prepared and analyzed by FTIR (infrared
absorption transmission method), Perkin Elmer Spectrum, USA to identify the organic medium
which was used in painted inscriptions. The measurement was done in the range between 4000-
400cm! to identify the organic functional groups presents in red painted sample and to classify
the type of organic binder that used in painted process [43-50].

XRD measurements

Phase identification and crystal structure were investigated using XRD spectrometer,
Panalytical, the Netherlands, Eperyam model, Cu anode at A = 1.54nm with fixed slit module.
The samples were manually grinded to powder form and analyzed with 20 range from 5° to 90°
with step size of 0.013 and 30sec/step [51-55].

XRF measurements

Elemental analysis was done using XRF, Axios model from Panalytical, the
Netherlands. The samples were prepared in pressed tablets. 9g of samples were mixed with 2g
of wax materials which acts as a binder for pressing. The mixture was pressed at 50KN for 10
seconds in aluminum dish prior to analysis [56-58].
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Total dissolved solids (T.D.S)

The T.D.S device is used to identify the total dissolved salts ratio in solutions (the device
was used in this process records from 1 to 1990ppm). The sample was prepared by grinding it to
powder to pass from 425um (micrometer) sieve, then adding 2g of this powder to 100mL of
water and stirred well then left for 24 hours and T.D.S value was identified. The T.D.S ratio
was calculated according to the following formula [59-61]:

Salts (%) = (T.D.S of sample in water/weight of the sample (mg)
x water quantity used/1000mL) x 100

Physical properties

Visual investigation by naked eye. The samples of the tomb consisted of two groups, the
first group represented the samples of mother rock and the second group represented the
samples of the stones used as building materials in the tomb. The first type consisted of yellow
rocks but in different layers with different thickness and its color changed little from yellow to
light yellow. All the mother rock layers in the tomb were covered with thick layer of salts which
formed a protective layer to the external surface of the rocks so this layer helped the rocks to
resist the weathering process however the salts in the first stages of crystalized caused fine
cracks which contributed in weaken the external surface of the rocks.

The bulk density. The samples densities were identified by using the two weights
method. The sample was dried for 48h at 105°C in drying oven and was weighted by sensitive
balance to the nearest 0.01g then the sample was immersed in water for 24h then weighted
suspended in the water. The density was determined according to the formula [62]:

D bulk (g/cm?®) = Wdry/Wsus,

where: Wdry = the weight of the dried sample in the air; Wsus = the weight of the sample
suspended in water.

The porosity. The porosity of the samples is important to determine the behavior of rock
with different factors. The resistance of material to deterioration process depends on many
factors; the porosity is the most important one. The porosity depends on the conditions of
formation, the site of the samples in addition to the chemical composition. There is a relation
between porosity and density. The porosity in general can be determined by the relation
between the weight of water absorbed to the volume of the sample or by the relation between
the density of the material and the particle density subtracted from one [63]:

&= ((Wsat — Wdry)/Wsus) x 100
Or @=1 — (D bulk/D particle) x 100,

where: Wair = the weight of the dried sample in the air; Wsat = the weight of the saturated
sample with water; Wsus = the weight of the suspended sample in water.

The natural water content (NWC). Three samples of every type of rocks and stones were
tested to determine the natural water content by using the two weights method. The weight of
sample in the air was identified, then the sample dried in an oven for 48 hours at 105°C, then
weighted again. The NWC was determined by using the following formula [64]:

NWC (%) = (Wair — Wdry/Wdry) x 100
Water Absorption (WA). Three samples of every type were tested to investigate their
ability to absorb water. The two weights methods were used to measure the values of WA. The

weight of the dried sample in air was recorded then the sample weighted after soaking in water
for 48 hours. WA was calculated according to the following formula [65]:
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WA = (Wsat — Wdry/Wdry) x100.

A.LLR Test. This test aimed to identify the ratio of soluble and insoluble components
whereas carbonate (calcite minerals in the rocks and stones) reacts with HCI to produce CacCl;
which is soluble in water according to the formula:

CaCOs3 + 2HCI = CaCl; + H,0 +CO,

while the quartz, clay minerals and salts do not react with HCI so they stay as insoluble
materials which can be identified by weighing after filtering and drying [65].

Compressive Strength. Non-destructive Schmidt Hammer test of type N was used to
identify the compressive strength of the rocks and stones. The rebound values are displayed on
a mechanical sliding scale then according to the table on the Schmidt hammer it can be changed
into N/mm? and then to Kg/cm? [65].

Surficial Moisture monitoring. Hydromette Compact B.Th. Compact B was used to
measure the surficial Moisture. It is an electronic structural moisture indicator based on a non-
destructive dielectric constant measurement or high frequency measuring method.

Temperature monitoring. The Wohler HYGROTEMP 24 (6603) Non-Contact
Temperature and Humidity Meter was used to measure the temperature.

Results

Light Optical Microscope

The visual tests were carried out in the field for the stones which were used in the
construction of the architectural elements of the tomb showed some important indications about
the nature of the building material and its current condition, state and the extent of damage and
deterioration as in in figures 2 and 3. The results of the optical microscope showed the
weakness of exterior surface of the limestone, a number of cracks, the large bloom and
crystallization of salts. The yellow layered limestone affected by touch and decomposed in
water in short time. Fine cracks, empty ones and in some cases filled with salts. The salts
covered most of exposed surface of the samples with some gaps and cracks.

Polarizing Microscope

The investigation by using polarized microscope of the limestone samples used in the
construction of the walls of the tomb presented in figure 6 confirmed that, the results received
from the light microscopy investigation. Also, some fossils and organic residues were presented
in a large and intensive manner, which took various forms, including plant, animal and other
forms. These results revealed that, limestone was used as a building material and quality
limestone, reflecting that, limestone was not used from the surrounding environment in the
construction of the tomb. The results revealed that, there were no fossils or organic materials in
the mother rock but confirms the presence of salts. Samples of salts prepared for polarized
microscopy examination showed that, Samples of salts taken from the sun's bright side of the
tomb were completely crystallized which revealed that, the salts completed all stages of
crystallization and formed a cubic shape in a perfect method which indicated that samples were
taken from sunny places (Figs. 4 and 5). They looked like veins overlapping with the limestone
structure, causing breaks the stone construction.

FTIR of organic medium Results

Through the analysis of the pattern of infrared absorption of the red colored
archeological sample and compared with the standard media that commonly used in the
Egyptian coloring as gum Arabic, animal glue and egg yolk. The FTIR results in figure 7
showed that, Arabic gum was the organic medium used for the inscriptions paintings in the
tomb of Imni in the Lisht area.
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Fig. 7. FTIR pattern of red painted archaeological sample indicated Arabic gum

was used as organic binder in painted inscription.

XRD measurements

Mother rock samples

The X-ray diffractograms illustrated in figure 8 of mother rock sample indicates the
characteristic peaks of calcite phase (CaCOs) which was the major phase and the mean
component of the mother rock. The structure of calcite at room temperature is rhombohedral
(space group R3c).

a
b
c

20000 —

Gypsum
Calcite
Halite

ﬁ 10000

2-Theta

Fig. 8. X-ray diffractogram of mother rock and the salt formed

Also, gypsum phase was indicated in the diffractogram of the mother rock as illustrated
in figure 9. Gypsum (calcium sulfate dihydrate) is a monoclinic system consists of layers of
S04 tetrahedral bound together by Ca?* cations. Gypsum is also considered as a deteriorating
agent. Gypsum crystals may be formed due to the direct crystallization with the fairly constant
supply of moisture or due to the reaction of air pollution with the calcareous materials.
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Fig. 9. X-ray diffractogram of mother rock (a,b) and gypsum (c)

Salt samples from mother rock

Halite phase also indicated in the x-ray diffractogram in large quantities inside the
mother rock, figure 10. The crystal structure of halite is the cubic system with a face centered
lattice, f.c.c. (space group Fm3m) with a two-atom basis or as two interpenetrating face
centered cubic lattices. The first atom is located at each lattice point, and the second atom is
located halfway between lattice points along the fcc unit cell edge. Halite is one of the most
compounds causes deterioration of porous materials with the aid of the environmental
conditions like pressure, temperature and moisture.
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Fig. 10. X-ray diffractogram of east wall of the tomb (a, b, c, d) and the salt formed (e)

Tomb stone samples

On the other hand, X-ray diffractograms from different corners of the tomb and the
pillars illustrates the characteristic peaks of the calcite phase with small amounts of halite which
may be transferred to the tomb pillars as shown in figures 11, 12, 13 and 14. The strength of
white stones which were used in building the tomb such as walls, pillars and foundations
recorded higher values of C.S than the mother rock. And this because of Dolomite whereas X-
ray phase analysis indicated the presence of dolomite phase which is harder than calcite in the
white limestone samples. Dolomite (double carbonate of calcium and magnesium MgCa(CQs3),)
crystallizes in the trigonal-rhombohedral system (space group R-3).
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Fig. 11. X-ray diffractogram of west wall of the tomb (a, b, ¢) and the salt formed (d)

Tomb salts samples

XRD analysis results of all salts which crystalized on the surfaces of the four walls of
Imni tomb indicated that, the salt was Sodium Chloride in the form of halite (NaCl).

Pigments sample

The main and the only pigment was used in the tomb is red pigment and XRD analysis
results in figure 15 indicated that, Hematite (Iron Oxide, Fe,O3) was the main material which
used for red painting inscriptions in the tomb.
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Fig. 12. X-ray diffractogram of north wall of the tomb (a, b, c) and the salt formed (d)

25000 Caloite
H Halite

Dolomite
20000

g 15000
10000 —

5000 —

T T T T
zooo 4000 6000 =o00
Z2-Theta

Fig.13. X-ray diffractogram of south wall of the tomb (a, b, ¢) and the salt formed (d)
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XRF measurement results

Salts samples

XRF analysis results illustrated in table 1 for the salts which crystalized on the surfaces
of all the four walls was Halite sodium chloride NaCl, and the same results for the mother rock
salts plus Gypsum which found in the mother rock as Gypsum veins.

Table. 1. Chemical composition of salt samples collected from the mother rock

Element S1 S2 S3 S4 S5
o 15.163 25.565 31.323 17.223 15.163
Na 16.848 9.438 0.501 15.703 16.848
Mg 0.044 0.239 0.352 00.109 0.044
Al 0.249 1.259 1.592 0.509 0.249
Si 0.528 2.738 3.573 1.129 0.528
P 0.011 0.050 0.073 0.020 0.011
S 0.121 0.090 19.50 0.364 0.121
Cl 58.647 24.397 1.926 49.607 58.647
K 0.061 0.238 0.374 0.121 0.061
Ca 7.948 33.375 23.3 14.407 7.948
Ti 0.031 0.164 0.402 0.062 0.031
Fe 0.325 2.225 5.44 0.686 0.325
Sr 0.023 0.179 0.649 0.060 0.023

Stone samples

XRF quantitative analysis in table 2 was carried out for the stone samples from the four
walls of the tomb, the results confirm that, calcite was the main component for the walls due to
the presence of large amount of calcium and oxygen according to table 1 plus dolomite, and the
same one for column and its bases.
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Table. 2. Chemical composition of different samples taken from the tomb corners

Element ST1 ST2 ST3
(0] 15.090 14.200 16.098
Na 1.534 0.096 0.175
Mg 0.224 0.117 0.178
Al 0.435 0.255 0.836
Si 1.073 0.579 1.800
P 0.001 0.030 0.053
S 0.042 0.037 0.025
Cl 0.599 0.363 0.463
K 0.144 0.061 0.107
Ca 29.4 25.785 24.852
Ti 0.000 0.047 0.138
Fe 2.872 0.945 2.235
Sr 0.201 0.279 0.310
TDS results

Limestone of the mother rock and white wall

The results showed that, all the weathered samples contained different ratios of T.D.S
according to their chemical composition and their physical properties. From table 3, the yellow
weak samples showed the lowest ratio while the hard sample showed the highest ratio. The ratio
of the salts in samples was related to the physical properties of the sample and the degree of
weathering. Samples of higher densities have more T.D.S ratios than the samples of lower
densities. Light yellow samples showed the lowest ratio in T.D.S and densities. The samples of
low densities particularly less than 2g/cm?® having yellow color and consist of the calcite with
clay minerals. The clay minerals form more than 30% of the sample so these samples
decomposed completely in water in the form of fine grains and characterized with its sticky
touch in short time duration. The clay minerals absorb water and changed from state to another
according to Atterberg limits and of course the grains of the stone start to decompose and lose
its cohesiveness as in table 4.

Table. 3. TDS results of limestone of the mother rock

Sample TDSw TDSu+solid TDSslia TDS %
Yellow weakl 230 1340 1110 5.55
Yellow weak2 230 1230 1000 5.00
Yellow weak 3 230 1130 1100 5.50

Average 5.35

Hard yellow1 230 1120 890 4.45
Hard yellow?2 230 1010 780 3.90
Hard yellow3 230 1100 870 4.35
Average 4.26

Hard light yellow1 230 1780 1550 7.75
Hard light yellow2 230 1660 1430 7.15
Hard light yellow3 230 1710 1480 7.40
Average 743

The light-yellow sample of the mother rock appeared no effect on soaking in water and
keep in its form and cohesiveness and they recorded higher ratio of T.D.S whereas the salts
crystalized on the hard-outer surface in the form of thin layer of fine crust of salts which can be
seen under the microscope so the samples recorded the highest ratio of T.D.S. The salts
accumulated on the surface and inside cavities and cracks. The white wall sample showed the
high ratio of calcite in addition to existence of the dolomite in the XRD and XRF also showed
T.D.S values in pillars ranged from 2.0 to 2.3 while in bases decreased to be from 0.49 to 0.51%
while in the walls ranged from 0.89 to 1.31%. The temperature degree which measured showed
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great variation on the pillars ranged from 29 to 34 and on the walls ranged from 28 to 35 while
on the bases ranged from 28 to 33 and thus the values of the surficial moisture showed great
variation. The mechanical properties of the white stones recorded higher than 300kg/cm? in the
samples so they are suitable for building process according to the Egyptian code for building
materials.

Table. 4. TDS results of pillar, bases and white wall

Sample TDSw TDSyssolid TDSslid TDS %
White pillarl 136 612 476 2.38
White pillar2 136 587 451 2.26
White pillar3 136 534 398 2.00

Average
White wall 1 136 500 364 0.98
White wall 2 136 487 351 0.93
White wall 3 136 492 356 1.31
Average
White base 1 136 237 101 0.51
White base2 136 242 106 0.52
White base 3 136 234 98 0.49
Average

Pillars and bases

The results in table 5 showed that, the pillar showed the highest T.D.S values while the
bases recorded the lowest T.D.S values. These results showed that, the pillar were the most
deteriorated architectural elements while the bases have the lowest deterioration. These results
confirmed that the salts were not transported through the bases with the capillary system from
ground to base then to the pillar or walls whereas the base was made of special type of
limestone with little porosity, water content and high density as we see from the physical
properties. As a result, the salts may be transported directly from the debris which accumulated
around the elements during existing in the burying environment and then the salts start to
crystalize due to the great variation of the temperature and the humidity of the surrounding
environment.

Table. 5. Hardness and Compressive strength results of the four walls, columns and bases of Imni Tomb. were between
330-350 kg/cm? and it’s a good limestone block for buildings according to Egyptian building materials Code which
should be over 250kg/cm?

northern Western

eastern wall wall wall soxgﬁm column 2 column 1 Base 1 Base2
36 32 34 34 38 32 19 28
28 33 32 30 38 32 24 26
34 30 34 32 34 34 26 26
30 34 35 34 34 32 30 26
32 30 35 30 32 32 28 22
36 34 32 30 32 34 34 20
35 32 34 30 30 34 34 26
32 34 30 30 34 34 28 30
28 36 32 30 32 36 26 30
34 36 32 30 28 32 26 26

R.N=31n/m R.N=31n/m R.N=31n/ R.N=31n/ R.N=35n/m  R.N=33n/m R.N=22n/m R.N=18n/m
m? m? mm? mm? m? m? m? m?

C.S=31*10= C.S=31*10 C.S=31*10 C.S=31*10 C.S=31*10 C.S=31*10 C.S=31*10 C.S=31*10
310kg/cm? =310kg/cm?  =310kg/cm  =310kg/lcm  =350kg/cm  =330kg/cm  =220kg/cm  =180kg/cm
2 2 2 2 2 2
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Compressive Strength

The results in table 5 of compressive strength of pillars and bases ranged from from 330-
350kg/cm?. They are considered best results. While, the mother rock recorded values from 180-
220kg/cm? and this interpreted why the ancient Egyptian preferred to cover the mother rocks
with the other type of limestone which brought from out of El-Lishet.

Stone Hardness

The results in table 5 revealed that, hardness of the four walls of Imni tomb was 31, and
for the pillars recorded from 33 to 35 and it considers a perfect result but the results of the
hardness rate to the mother rock were from 18 to 22 which is considered weak results.

Measurement of Surface Moisture

From table 6, high readings of surface moisture on the southern, northern and eastern
walls were observed because they were not exposed to the sun rays, their humidity are relatively
high. But readings of the surface moisture which measured for the western wall were low
because it was the most walls exposed to the sun rays all the day long. The salts and their
appearance on the surface of the western wall are more abundant than those of the other walls.
This is because it is drier than the rest of the walls.

Table. 6. Surface moisture results of the mother rock, the four walls, basses and columns of imni tomb

northern  western  southern eastern northern  western  southern base base column  column no.2

side of side of side of wall wall of  wall of wall of 1 2 no.1l
the the the of the the the the
mother mother mother tomb tomb tomb** tomb
rock rock rock
74 87 93 90 89 88 92 88 90 90 88
75 90 91 91 90 87 92 88 83 89 90
92 88 97 92 91 88 91 88 87 89 92
89 85 91 92 90 85 91 88 85 86 90
87 87 94 88 90 84 93 84 88 87 88
87 85 92 87 90 88 89 89 82 89 85
87 97 94 87 89 86 90 90 82 88 85
88 96 93 92 91 87 88 83 89 87 87
89 92 93 90 91 88 89 90 84 90 90
90 91 95 93 88 88 89 85 82 88 83
Sunny Not Sunny Not 89 88 89 89
sunny sunny

Temperature measurement
Ambient temperature is equal to 34°C and the relative humidity is 38.7% according to
table 7.

Table. 7. Average of Temperature measurement readings results of the Imni tomb walls,
and of the tomb columns and bases and the mother rock

eastern  northern  western  southern  northern  western  southern Basl Bas2 Colu.l Colu.2

wall of wall of wall of wall of side side side
the the the the mother mother mother

Tomb Tomb Tomb Tomb rock rock rock

29.0 31.3 30.0 28.0 34 33 28 33 32.7 30 30.5
30.0 31.8 30.3 28.0 33 31 28.8 33 33 31 31.6
30.0 30.8 30.8 27.9 34.9 32 29.1 34 33 30 30.9
30.3 31.2 30.0 28.3 33.8 34 29.3 33.8 34 32.2 32
30.0 31.2 31.0 28.2 33.9 31 28.6 30 32 33.6 33
29.5 31.0 31.0 28.0 34 33 28.8 30 31 31 30.7
29.0 31.9 31.2 27.9 35 32 28 31 31 29 317
30.0 32.6 31.0 27.9 34 33 28 30 32 30 315
30.0 325 315 28.1 34.7 33 28.3 31 33 32 29
30.8 33.0 314 28.0 34.6 32 28.4 28 30 33 29.5

No sun sun Sun No sun
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The field survey showed that the temperatures of the area before the northern and
western wall of Imni tomb were higher than other walls. This is because they expose to the sun
rays for longer time than other walls as a result of its location and the sun disc movement during
the day time so salt crystallization were noticed much on the western wall of the mother rock in
the form of hard crust due to the evaporation process which adapt to the supply of saline
solutions. Temperature of columns was higher than their bases because columns expose to the
sun rays and air movement all the day long while the bases were covered with layer of sands
and dust so the salty crystallization affected badly on the pillars which have cracks and fallen
off on the ground.

Discussion

All the previous results showed that the tomb of Imni consisted of two types of
limestone; the first is the mother rock where the tomb was hewed and the other type is the white
limestone which the pillars and the walls of the tomb were made of. The first type is a local
weak type of limestone which contains iron oxides, clay minerals and sodium chloride in the
form of halite in addition that it characterized with its great porosity which contributes to
transport the saline solutions to crystalize in the form of a thick layer on the exterior surface of
the mother rock as a result of evaporation process which happens because of the temperature
changes and the wind movement. This crust of salts can be noticed on the western and northern
walls which received the most sun rays in the day time and which faces the wind which moves
in the direction of northwest. So this crust of salts although it caused fine cracks to the exterior
surface of the rocks, it represented a protective layer to this rock wall against weathering
process. The salts were transported to the second type of white limestone which was brought
from out of El-Lishet and was used in making the walls, pillars and bases of the pillars through
diffusion and by capillary system. So the salts in the walls started to crystalize fast below the
surface as a result of fast evaporation and slow the supply of saline solutions so the exterior
surface of these blocks of stone appeared weak, affected on touching, changing to powder in
some cases, small semi separation can be noticed and the weathering increased the bad effects
of sub-fflorence. So, the walls lost most of its polished surface and of course the painted
inscription.

The pillars of this tomb affected badly; one of them was broken into two parts and salt
crust was noticed on the surface of breakage. So it can be interpreted as the pillars was carved
from one piece of limestone which was carved versus the sedimentation bedding so the saline
solutions which transported through the ground to the pillar crystalized inside between the two
layers which form the body of this pillar which was fallen on the ground of the tomb so easily
the salts were able to reach and crystalize in the form of layer which in time led to break the
pillar into two pieces. The other probability can be interpreted as, on falling of the pillar on the
ground, it had fine cracks which the saline solutions invaded and crystalized to break the pillar
into two pieces.

Many factors which interact together affect the durability of building materials such as
the chemical composition, mechanical resistance environmental conditions as temperature and
humidity. Also, type and sources of soluble salts is very important factor. This study was
adopted to provide an approach for the salt assessment decay in building material of tomb of
Imni and causing salt weathering and the effect of the surrounding conditions prior to examine a
suitable treatment procedure for conservation strategies.

Multi analysis methods such as X-ray fluorescence spectrometer, X-ray diffraction
spectrometer, optical and polarized microscope, Fourier infra-red spectroscopy and other
physical properties measurements as the bulk density, porosity and compressive strength Gave a
close picture of the dynamic relationship between the conditions of the tomb stone, the walls,
the pillars, and the base and the type of the soluble salt formed, its activity, the surrounding
conditions and the deterioration effects. It was proved that, Halite (NaCl) is main soluble salt
formed and it was undergoing cycles of recrystallization processes in different places of the
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tomb with the impact of the surrounding temperature, humidity and pressure. Also, it was
proved that, the salt was transferred from ground to pillars or walls.

Conclusions

As a general conclusion, it can be said that the sodium chloride in the form of halite
which was crystalized in different forms and locations was the main cause beyond the
deterioration of the exterior polished surfaces of Imni tomb and losing what they had from
painted inscription. As a result, many conservation strategies such as protection from water
infiltration, reduction of heating temperature and using a kind of inhibitors cause a significant
slow-down the crystallization process of the salt.
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