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is a complex building from massive stone masonry walls supporting hemis-
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products was carried out by inspecting representative samples of the stone,

the marble, the mortar, the plaster and the salt. They were examined using

different analysis techniques including the Polarized Microscope, the Stereo
Microscope, the X-Ray Diffraction (XRD), and the Scanning Electron Micro-
scope (SEM) provided with Energy-Dispersive X-ray spectroscopy (EDX)
unit. This examination helped in identifying the type of the used stone, the
mortar components, the types of salts affecting the structure, and the deteri-
oration manifested by the marble. It seems that the cemetery needs an urgent
conservation project to stop the deterioration and keep it safe for the next
generations.
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1. Introduction

Historic Cairo is a UNESCO World Heritage Site since 1979. It was listed be-
cause of its richness in valueless Islamic, Coptic and Jewish historic structures
dating back to several centuries ago. The authorities in charge of this unique
historic site spare no effort to preserve it and keep it safe for the next genera-
tions. Nevertheless, the preservation of such a big historic site containing more
than 600 historic structures with an area of more than 5 million m” is a very
complex issue. Besides, many authorities are in charge of Historic Cairo includ-
ing the Ministry of Tourism and Antiquities, the Governorate of Cairo, the Min-
istry of Housing, among others. The multitude of authorities affects negatively
the decisions and actions taken for identifying the site’s problems and putting in
action proper conservation plans.

Historic Cairo suffers from many problems nowadays. The continuous rise of
the groundwater level comes to the fore. The groundwater is probably the major
cause of damage to the historic structures in Historic Cairo as mentioned in many
previous studies [1] [2] [3] [4] [5]. The reasons for the groundwater level increase
include, but are not limited to, the nature of the aquifer of the groundwater in
Cairo that is classified as confined to semi-confined that makes the groundwater
level increase due to any surface rainfalls or water leakages [6]. In addition, the
leakage from the existing water supply and sewage systems and the population
growth on unplanned urban expansions are not served with sewage systems [7] [8]
[9]. Furthermore, the filling of the historic open water resources during the mod-
ernization of Cairo since the first half of the 19th century resulted in an increase in
the groundwater level. The water pools of “Birkat al-Azbakkiyya” and “Birkat
al-Fil” and the canal of “al-Khalij al-Masri”, among others, all were filled [6].

What enlarges the damage to the historic structures in Historic Cairo, under
the effect of the groundwater increase is the type of the foundation soil. Many
studies were carried out for the characterization of the foundation soil of His-
toric Cairo [3] [10] [11] [12] [13] [14]. The studies included data on the bore-
holes carried out to different depths from the natural ground level and the soil
geological data for large depths.

It was revealed that the soil layers in the sequence are non-homogeneous fill
followed by clayey soil and end with large deposits of sand or rock. Regarding
the reason behind the existence of the fill layer, in particular, El-Sohby and Ma-
zen (1988) [14] explained that the human occupation of Historic Cairo along
with its history that extended more than a millennium resulted in considerable
debris. This was due to the destruction in 905 AD of Al-Qataie city and then the
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burning of Al-Fustat city in 1168 AD that caused a big area of land to be aban-
doned and with the passing of the time, more accumulation of filling on the ruin
turned it to become one connected area of the rubbish heap. Besides, during the
reign of Muhammed Ali Pasha and his succors, many lakes, ponds, and swamps
were filled and levelled, and then new roads and buildings were built upon. It is
well known that non-homogeneous fill has unpredicted behavior when subjected
to groundwater that in turn affects the foundations in the form of differential
settlements or much worse bearing capacity failure.

In this context, this paper discusses one of the masterpieces of Historic Cairo.
It is called the Royal Family’s Cemetery built during the 19th and 20th Centu-
ries. It is also known by Hosh al-Basha. Hosh is an Arabic word that means
courtyard and is used to mean cemetery. al-Basha is an Ottoman title used for
highly ranked men in the state. It was also the title given to the Ottoman gover-
nors of Egypt. The Royal Family started with Muhammed Ali Pasha who ruled
Egypt from 1805 to 1848.

Hosh al-Basha is a very good example to represent the typical problems suf-
fered by historic structures in Historic Cairo including the groundwater rise, the
differential settlement resulting from foundation soil type and affecting the
overall stability, and the late preservation plans from the authorities.

The paper presents the construction history and the location of Hosh al-Basha
and links both to the observed damage nowadays. In addition, a detailed inspec-
tion of all the spaces of the cemetery was carried out to identify the manifested
damage and its reasons. Samples were taken from the construction materials in-
cluding the stone, the marble, the mortar, the plaster, and the deterioration
products in the form of salts. Different examination tools were used including
the Light and the Polarized Microscopes, the X-Ray Diffraction (XRD), and the
Scanning Electron Microscope (SEM) provided with Energy-Dispersive X-ray
spectroscopy (EDX) unit. The purpose was to reveal the type and the chemical
composition of the different construction materials and to reveal the damage
caused by the different damage causes such as groundwater rise.

2. Location

Hosh al-Basha is located in the southeast of Historic Cairo near Qubba al-Imam
al-Shafi’i in the area called al-Imam al-Shafi’i, Figure 1(a). The two natural pools of
Ain Al-Sira and Khayalat Al-Shorta (called also al-Imam al-Shafi’i pool) are found
nearby, the former is about 600 m and the latter is about 3 km from Hosh al-Basha,
Figure 1(b). This in turn has an effect on the observed damage of the structure of
Hosh al-Basha due to the rise of the groundwater as will be discussed later. About
80 m from Hosh al-Basha, the Qubba al-Imam al-Shafi’i exists, Figure 1(c).

3. Historical Background

Construction of Hosh al-Basha and the Buried Persons

Hosh al-Basha is a domed complex (Figure 2); it does not have a foundation text
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for its exact construction dating. However, Abed (1998) [16] managed to reveal
the different consequent construction phases by tracking the dates written on
the tombstones and other historical resources.

According to [16], the first phase of construction (Phase I) was ended in 1805
before Muhammad Ali Pasha purchased the cemetery. At that time the cemetery
consisted of the three rooms from (1) to (3) shown in Figure 3(a). This Figure
shows the development in the time of Hosh al-Basha. During this period also,
the room (3) in specific was renovated to receive the body of the beloved son of
Muhammad Ali Pasha called Ahmed Toson Pasha who died in the war in 1816.
The dome of the room (3) is different from the other two domes of the rooms

(1) and (2) as will be explained later in the description of the cemetery.

A 1 T \l;\\ Qubba al-Imam
in ; osh al-Basha B
Al Sira al'S',“‘ﬁ"

Khayalat
Al Shorta >=

m == Qubba al-Imam

al-Shafi'i

Figure 1. The location of Hosh al-Basha: (a) south east of Historic Cairo (map source [13]),
(b) zoom to the location showing near distance to Ain Al Sira and Khaylat Al Shorta pools,
(c) the near distance between Hosh al-Basha and Qubba al-Imam al-Shafi’l (~80 m) (“b” &

« »

¢” adopted from [15]). (explanations by the authors).

Room 8 Room 4 Room 9

Do‘me D(?,me Room 3

Entrance
Area

- S5 et 1 >
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Figure 2. External view of Hosh al-Basha showing a part of the entrance area, the corridor,
the courtyard and the rooms’ domes. (photo and explanations by the authors).
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Regarding the buried persons within this first phase (1805-1816), 25 of the
royal family were buried in this cemetery as indicated in Figure 4. This Figure
was created based on the data mentioned in [16]. It shows the death year of the
buried person and his/her relation with Muhammad Ali Pasha. As can be no-
ticed the buried persons represented the members of the family of Muhammad
Ali Pasha including the sons and daughters, the grandsons and granddaughters,
the great grandchild’s, the wives, and the relatives from 1st, 2nd, and 3rd degrees
and their relatives. Besides, other family members were buried in the cemetery.
It should be noticed that in total 74 persons between males, females and children
were buried in this cemetery from the year 1805 to the year 1902. Muhammed
Ali Pasha died in 1848, as mentioned before, and during his life, 54 from the
royal family were buried in this cemetery. Among the buried persons in this pe-
riod were two sons of Muhammad Ali Pasha (No’'man and G’fr) and three
daughters (Rogqia, Zolikh, and Salma).

The second phase of construction (phase II) included the addition of the two
rooms (4) and (5) during the period from 1816 to 1823, Figure 3(b). Ismail Pa-
sha the son of Muhammed Ali Pasha died in the war in Sudan in 1822 was bu-
ried in the room (4). In the room (5), Amina Hanem and Roqia Hanem, the wife

and the granddaughter of Muhammad Ali Pasha, respectively, were buried.

Phase (lll) from 1823 to Phase (I) from 1805 until 1816

—

Figure 3. Historical progress of the construction phases of Hosh al-Basha from (a) Phase I (top right) to (f)
Phase VI (bottom left) (arrows show the direction of expansion). (plan source from [17], explanations by

the authors).
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Fatma Hanem (daughter of Ismail son of Mohamed Ali)
Rogia Hanem (daughter of Ismail son of Mohamed Ali)
Amina Hanem (wife of Muhammad Ali Pasha)

Rogia Hanem (daughter of Muhammad Ali Pasha)
Omar Bek Toson

Fatma Hanem

Ismail (son of Muhammad Ali Pasha)

Halem (son of Muhammad Ali Pasha)

Zeinb Hanem (daughter of Muhammad Ali Pasha)

Bek (son of Ibrahim Pasha)

Aisha Hanem (daughter of Ahmed Toson Pasha)
Doka Hanem (daughter of Ahmed Toson Pasha)
Khadiga of Ahmed Toson Pasha)

Ahmed Toson Pasha (son of Muhammad Ali Pasha)

S Kaden (mother of No’man son of Muhammad Ali Pasha)
Omar (son of Ismail Mohamed Ali)

Mustafa Bek (brother-in-law of Muhammad Ali Pasha)
Amina Khatun (daughter of Amen Al-Romi)

Asma (wife of Mustafa Bek)

No’man (son of Muhammad Ali Pasha)

1823
1823
1823
1823
1823
1823
1822
1822
1821
1819
1817
1817
1817
1816
1816
1816
1816
1816
1816
1815
1815
1815
1815

Salma of Ali Pasha)
Zolikha of Ali Pasha)
Fatma of Ahmed Toson Pasha)

1815

Osman (son of Ahmed Toson Pasha)

Relation with Muhammad Ali Pasha 1815 Bek (son of Ahmed Toson Pasha)
Sons and daughters 1815 Rogia Hanem (daughter of Ahmed Toson Pasha)
1815 Zeinb Hanem (daughter of Ahmed Toson Pasha)
Grandsons and granddaughters 1815 Abdeen (fellow of Mustafa Bek)
_— 1814 h d Bek (son of Mustafa Bek)
Great grandchild's 1814 Salema of Mustafa Bek)
Wives 1813 Shams Gehan (released woman of Ahmed Toson Pasha)
1813 Kolfedan (sl: of Ali Pasha)
First, second and third degree relatives and 1812 Rogia Khatun (daughter of Ibrahim Agha)
their associated family members 1811 Salma (wife of Kher Kashef fellow of Muhammad Ali Pasha)
Other members of the family e Al (,SD" of Mustafa Bek) .
1810 Gaf'r (son of Ali Pasha)
1810 Rogia Hanem (daughter of Muhammad Ali Pasha)
1805 m————  Khadiga Hanem (daughter of Ahmed Toson Pasha)
1825 1820 1815 1810 1800 -
1902
1902 Khalil Thabet
1893
1890 Mahosh-Kaden (Mother of El-Hami son of Abbas)
1884
1883 Hameda of Elhami)
1883
1881 Hussein Pasha Yaken
1878
1873 Ismail (son of Mohamed Ali Al-Sagher)
1866
1864 Ganfra (wife of Ibrahim Pasha Yaken)
1863
1861 Elhami (son of Abbas Pasha )
1857
1857 Ahmed Pasha Yaken
1854
1854 Eisha Seddek Hanem (daughter of Abbas 1)
1851
1850 Shams (wife of Muhammad Ali Pasha)
1848
Relation with Muhammad Ali Pasha 1846 Ibrahim Pasha Yaken (nephew of Muhammad Ali Pasha)
1846
Sons and daughters Hussein Bek Yaken
Grandsons and granddaughters 1836
o M fa (son of Abbas 1)
Great grandchild's 1536 en———
Wives 1835 msssss—————  Eisha Hanem (daughter of Ali Toson)
. . . 1834
F"S.t’ secoljd and lh'.rd degree relatives and 1833 s Fatma Hanem (daughter of Muhammad Ali Pasha)
their associated family members 193 —————
Other members of the family 1831 = Zahra Eisha Hanem (sister of Muhammad Ali Pasha)
Amena Hanem
Yaken Toson Ali -
1900 1880 1860 1820

Figure 4. The relation of the buried person with Muhammad Ali Pasha and his/her death year: (a) from 1800 to 1825, (b)

from 1825 to 1902. (chart by the authors).

The Phase (III) was carried out from 1823 to 1830 in which the two rooms (6)
and (7) were added, Figure 3(c). A Short time after 1830, the room (8) was
added (phase IV), Figure 3(d). The room (6) received the body of Ibrahim Pa-
sha the elder son of Muhammed Ali Pasha in 1848.
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To receive the body of Shafek-Nor Hanem who was the wife of Khedive Ismail
(grandson of Muhammed Ali Pasha) the room (9) and the hall (10) were added
around 1884 (phase V), Figure 3(e). Finally, king Farouk who ruled Egypt from
1936 to 1952 added the entrance area (phase VI), Figure 3(f).

4. Description

Hosh al-Basha occupies an area of about 2700 m?. The area of the entrance, the
corridor, and the domed complex are about 1200 m” (Figure 5(a)) and the sur-
rounding courtyard is about 1500 m® It has one facade located at the west and
overlooks al-Imam al-Lithy street (Figure 5(b) and Figure 6). The entrance is
about 6.9 m width and 5.8 m height and has a new stone masonry fence that is
about 46.8 m length, Figure 6(a). Old photos of Hosh al-Basha indicate that the
fence was not there before, Figure 6(a) and Figure 6(b).

The main gate is covered by a dome of about 5.4 m diameter, Figure 5(a). Af-
ter accessing the cemetery gate, there are two rooms and a small bathroom at the
right and other two rooms and a small bathroom at the left, Figure 5(a). This
area is now used as offices for the representatives of the Ministry of Antiquities.

There is a corridor that leads from the entrance area to the domed complex,
Figure 2 and Figure 5(a). The corridor is covered by five small domes of 2 m
diameter and is supported on the columns of the two arcades of the corridor
(Figure 2 and Figure 5(a)). The corridor is surrounded by a courtyard that was
once a garden but now turned to be barren containing the graves of dead per-

sons not belong to the royal family of Muhammad Ali Pasha.
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Figure 5. Hosh al-Basha architectural documentation: (a) Plan, (b) main (west) elevation and (c) section s-s. (sources of a,

b and c from [17], explanations by the authors).
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Stone

) Stone
L 7
masonry_ masonry
fence fence

Figure 6. The main facade of Hosh al-Basha: (a) recent photo showing the stone masonry fence,
(b) the left part before constructing the fence, (c) the entrance before constructing the fence. [Pho-
is after [18], Photos “b” & “c” date back to the last century and are after [17]. (explanations
by the authors).

to "a

At the end of the corridor, there is the room (9) containing the grave of Sha-
fek-Nor Hanem (P1 in Figure 8). This room has a square plan of about 7.4 m
side length (Figure 5(a)). It has a unique dome that reaches a height of about
17.2 m (Figure 5(c)). To the left of its entrance, there is a small corridor leads to
the rooms from (1) to (5), (Figure 5(a)).

The two rooms (1) and (2) have a square plan with a side length of about 8.6
m (Figure 5(a)) and are covered by shallow domes (Figure 7). Some of the
tombs contained within the room (2) are shown in P2 of Figure 8. The room (3)
has a different dome (Figure 7) and it has the tomb of Toson Pasha the son of
Muhammad Ali Pasha (P3 in Figure 8) and other tombs. The rooms (4) and (5)
are covered by domes with a diameter of about 6 m (Figure 5(a), Figure 7) and
have four tombs, one of them is for Ismail Pasha the son of Muhammad Ali Pa-
sha (P4 in Figure 8).

The three rooms (6), (7) and (8) have a square plan of a side length of about
12 m and are covered by very similar domes (Figure 5(a) and Figure 7) that
have a diameter of about 10 m. Examples of the contained tombs in the rooms
(6) and (8) are shown in P5 and P6 in Figure 8. The room (7) has the tomb of
Ibrahim Pasha the son of Muhammad Ali Pasha (P7 in Figure 8).

From a structural point of view, the walls of Hosh al-Basha domed rooms are
constructed from dressed stone masonry. In specific and as will be discussed lat-
er, the stone is limestone. The walls are thick with an average thickness of about
1.5 m. The domes of all the rooms except the rooms (1) and (2) are hemispheri-
cal and have an average thickness of about 0.75 m. They are rested on drums

that have sufficient windows to let the light and heat enter the rooms (Figure 7).
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The drums are supported on squinches that transfer the domes’ vertical and ho-
rizontal (thrust) reactions to the thick pointed arches that have thicknesses from
about 2 m to 2.5 m (Figure 7).

In the rooms (1) and (2) the domes are shallow ones (Figure 7) that are sup-
ported on pendentives. In all the rooms, the vertical and horizontal (thrust)
reactions of the arches are transferred to the thick walls and then to the founda-
tion and finally to the foundation soil.

Regarding the construction technique of the tombs, Figure 9 shows a sketch
illustrating very clearly the underground and aboveground components. A
vaulted room with a small arched entrance exists under the ground that allows
the buried body to be allocated inside the tomb. Above the ground, there is what
is called “tarkeebah” that was always built from marble. It can be two levels (P5
in Figure 8) or three levels (Figure 9).

Hosh al-Basha is very rich in decorations. They are found on structural ele-
ments (walls, arches, squinches, and domes) and on the tombs. Specifically, the
tombs are richly decorated using different techniques including engraved orna-
mentation (Figure 10(a)), floral motifs (Figure 10(b)), and gelded stucco
(Figure 10(e)). Colored wall paintings and colored glass are also used (Figure
10(c) and Figure 10(d)). The decorations on the tombstone indicate the rank
and the sex of the buried person. Braids in relief, painted braids (Figure 11(a))
and a coil of loosely caught hair indicate a royal mother, a royal wife and a virgin

princess, respectively. Turbans or fezzes indicate men (Figure 11(b)) [19].

Room 5 Room 9 Room3  Room 6 Room 7
Dome Dome Dome Dome Dome
Room 8
Dome
Entrance
Dome
Room 2
Dome
Corridor
Room 1
Dome

Figure 7. External view of Hosh al-Basha (as seen from al-Imam al-Shafi’i mausoleum) showing the rooms’ domes, and the domes
of the rooms (2), (4), (5) and (8) from inside. (Photo sources [18] and [20], explanations by the authors).
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Figure 8. (a) Plan showing the distribution of the tombs inside the rooms, (b) Inside photos of
some the tombs: (P1) room (9), (P2) rooms (1 and 2), (P3) room (3), (P4) rooms (4 and 5), (P5)
room (8), (P6) rooms (6 and 7), (P7) room (7). (explanations by the authors).

5. Damage Symptoms and Causes

Hosh al-Basha suffers from obvious on-going deterioration of the construction
materials; in addition, it manifests clear structural problems affecting its overall
stability. Wide, long, and extended cracks can be visible in the domes, the
drums, the squinches, the arches, and the walls of the different cemetery’s
rooms. The walls and the tombs suffer from dampness due to the rising of the
groundwater by the capillary action. In the next paragraphs, more detailed

damage inspection findings and their possible causes are discussed.
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Figure 9. (a) A sketch dating to the 18th century showing the components of a tomb by
[21], (b) illustrations for Ibrahim Pasha tomb. (explanations by the authors).

Figure 10. Several examples of the decorations in Hosh al-Basha: (a) written and floral
ornamentation engraved on marble, (b) floral motifs, (c) wall paintings, (d) colored win-
dow glass, (e) gelded stucco. (photos by the authors).

Figure 11. (a) Painted braid indicating buried female, (b) a tur-
ban and a fezze indicating buried males. (photos by the authors).
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5.1. Groundwater-Induced Damage

The main cause of the observed damage in Hosh al-Basha is the continuing in-
crease in the level of the groundwater in the foundation soil. For the location of
Hosh al-Basha, in particular, there is a further harmful effect from the nearby
natural water pools of “Ain al-Sira” and “Khayalat Al-Shorta”. Kamel (2004)
[22] in his study about these two pools and the surrounding areas (including
Hosh al-Basha) revealed that the groundwater level is continually increasing.
The level increased about 0.5 to 1.0 m from the natural ground level. This was
due to several reasons: 1) a new habitant project in the area, 2) absence of sewage
system or septic tanks for some unplanned urban areas, and 3) the leakage from
the existing sewerage and water supply systems. This in turn resulted in an in-
crease of the salinity due to the increase in the anions of chlorides (Cl"), sulfates
(SO;2 ), and bicarbonates (HCO™). In addition, the cations of Na*, K*, Ca'*, and
Mg"" were found in the chemical analyses of the water of the two pools [22].

As an important conclusion of the study of [22], he divided the surrounding
areas of the two pools into medium dangerous zones and very dangerous zones.
Hosh al-Basha lies in the very dangerous zone in which the rise of the ground-
water level exceeded 50 cm (from 1994 to 2004) and the percentage of SO, is
high. The saline groundwater badly affects the foundations and leads to its decay
in the long term.

The rise of the groundwater by capillarity inside the walls of Hosh al-Basha is
clearly noticed. In Figure 12, the comparison between an old photo and a recent
one shows how the groundwater raised in the east wall of the room (7). Because
of this rise, the salts penetrated with the groundwater inside the stone masonry
wall. Afterward, the groundwater evaporated and the salts crystallized which led
to internal stresses in the stone resulting in its deterioration and failing of its
marble casing. Finally, the salts effloresced on the stone surface distorting its
appearance (Figure 12(a)). In the same Figure, one can notice the groundwater
rise in the walls from outside and the discoloration and the blackening of the
stone as a result. Some other observations of the same phenomena of stone dete-
rioration can be noticed in Figure 13.

The stone was badly affected by the groundwater rise and different deteriora-
tion symptoms were noticed (Figure 14). Those included granular disintegra-
tion and losses of stone layers, losses of crusts and salt efflorescence, losses of
scales, stone soiling by atmosphere particles, subflorescence.

Hosh El-Basha tombs have many wall paintings whether directly applied at
the stone masonry walls or at layers of plaster; both of them are in very bad con-
ditions. Because of the groundwater rise in the walls, the paint layers suffer from
severe deterioration such as discoloration, detachment, and loss of some pieces
(Figure 15). Physiochemical factors and biological agents increase the effect of
groundwater by causing a remarkable amount of aesthetical and chemical dam-

age. Different types of dirt accumulate, such as dust, stains, insect’s remains, and
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house flyspecks are deposited on the painting surface. In addition to crumbling
in some parts of paint and fine network of cracks is present through the paint
and the ground layers. Some previous interventions were done by painting the
walls with a lime layer that concealed the original drawings. This lime layer was

deteriorated, peeled, and revealed these original drawings (Figure 15(c)).

Figure 12. (a) groundwater rise by capillarity in the east wall of the room (7), (b)
old photo of the same wall showed lesser rise and damage, (c) groundwater rise
by capillarity in the outside of the walls of the rooms (5), (6), (7) and the adjacent
building. (photo “a” by [18], photo “b” after [17], explanations by the authors).

Figure 13. Evidences of the damage due to the groundwater rise inside the walls
of Hosh al-Basha: (a) the west wall of the room (5), (b) the arch between the
rooms (4) and (5), (c) the east wall of the room (1). (photos by the authors).
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Figure 14. Different groundwater-induced damage patterns of the limestone of Hosh
al-Basha: (a) granular disintegration and losses of stone layer, (b) losses of crusts and salt
efflorescence, (c) losses of scales, (d) subflorescnece, (e) efflorescence and soiling by par-
ticles from the atmosphere. (photos by the authors).

Figure 15. Deterioration symptoms of the wall paintings of Hosh al-Basha in the form of:
(a) detachment of the paint layer from the ground layer, (b) pieces of both layers were
lost, (c) the lime layer deteriorated, peeled and revealed the original blue decorations.

The groundwater-induced damage is clearly noticed in the marble elements.
Distributed cracks of different depths and forms can be seen and are more ob-
vious in the lower parts near the ground. The marble casing and slabs show
massive efflorescence, due to the surface salt crystallization (Figure 16(a)). The
detachment of smaller stone elements from large-sized elements, flaking on the
edges, and granular disintegration is noticed clearly (Figure 16(b)). Large areas
of the marble layer became very fragile and completely detached from the back-
ground of the stone masonry walls (Figure 16(c)). Different types of dirt accu-
mulate are deposited on the marble surface which can cause the marble to dete-
riorate further and distorts the marble’s decorations (Figure 16(d)). Due to the
settlement of the foundation soil beneath the marble slabs at the corridor, it ma-

nifests cracking (Figure 16(e)).
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Figure 16. Symptoms of the damage of the marble elements in Hosh al-Basha: (a) cracks and
salt florescence, (b) loss of stone material, detachment, flaking and granular disintegration, (c)
detachment of marble, (d) dirt accumulate, (e) cracking due to settlement, (f) previous resto-
ration using iron bars.

Previous restoration using iron bars to connect cracked marble elements are
noticed, however, due to surrounding conditions of air and humidity in con-
junction with groundwater rise, the iron oxidized and converted to hydroxide
with considerable volumetric increase and as a result, it cracked the marble
around (Figure 16(f)).

5.2. Differential Settlement Damage

The damage manifested by Hosh al-Basha’s structural elements due to the foun-
dation decay and differential settlement was surveyed. In Figure 17, a compari-
son is made between old photos dating back to the last century and recent ones
of the arch, the short wall, and a previous room existing in the courtyard.

As can be noticed the arch and the short wall manifested large deformations
and the room’s walls suffered from large cracks. It seems that the room col-
lapsed; however, the arch and the short wall were restored by dismantling and
re-constructing.

It appears that the foundation soil in this area is going large deformations af-
fecting Hosh al-Basha and the adjacent buildings until today. In Figure 18, re-
cent photos show the serious tilting of a wall behind the arch. The same wall has
also serious diagonal cracking.

In Figure 19, it can be noticed the north wall of the room (7) suffers from di-
agonal cracking above its window. The adjacent building as well suffers from se-
rious diagonal cracking above its door and window. For the same room, the east
wall is diagonally cracked (Figure 20(a)). Besides, the west wall is cracked from
outside (Figure 20(b)) and inside (Figure 20(c)), it seems that the crack is re-
cent as an old photo did not show it (Figure 20(d)).
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VR Room (7) Room (6)

Figure 17. The effect of the differential settlement: (a) large deformations of the arch and
large crack in the wall (looking north), (b) looking east at the arch, the wall and the short
wall, (c) the current situation of the arch and the short wall and the disappearance of the
room. (the old photos are after [17], explanations by the authors).

Figure 18. Serious deformations and cracking in the existing walls at the collapsed room
area: (a) serious tilting, (b) diagonal cracking. (photos by [18], explanations by the au-
thors).

Adjacent
Building

Figure 19. The differential settlement cracking at the room (7) and the adjacent building:
(a) diagonal cracking, (b) adjacent building diagonal cracks. (photos by [18], explanations
by the authors).
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East Wall of ! ; West Wall of

Room (7)

Figure 20. Cracking of room 7 walls: (a) cracking of the east wall, (b) cracking of the west
wall from outside, (c) cracking of the west wall from inside, (d) old photo shows no crack-
ing. (the old photo is after [17]).

One can notice the visible wide cracks in the dome of the room (1) and the
tombs (Figure 21(a)). In the room (2), the dome is also cracked and the crack is
extended and visible from the intrados and the extrados (Figure 21(b) and Fig-
ure 21(c)), as well, the north wall has a typical long diagonal crack due to the
differential settlement (Figure 21(d)).

The north wall of the room (3) has a long vertical wide crack (Figure 22(b))
that starts from the arch middle and extends to the wall. This crack did not exist
before as can be observed from an old photo dates back to the last century
(Figure 22(a)). At the back of this wall, the arch between the two rooms (6) and
(8) exist (refer to the plan in Figure 8(a)). The arch is heavily damaged from the
ground to above the springing with multiple diagonal cracks (Figure 22(c)). The
gypsum telltale mounted on the crack to monitor its movement was found bro-
ken indicating its on-going movement and widening (Figure 22(c)) due to the
differential settlement. It is interesting to confirm the on-going damage by
looking to Figure 23 in which the dome of the room (3) has an old photo and a
recent one. The recent cracks can be easily identified. The south wall of the room
(8) has a diagonal crack (Figure 24(a)) and the two south squinches as well are
cracked, Figure 24(b) & Figure 24(c).

The differential settlement damage is affecting the dome of the room (4) and
the supporting drum and arch as indicated in Figure 25. The typical diagonal
cracking is noticed passing through the weak plane of the mortar joints affecting
both of the arch intrados and the dome drum.

The cracking of the structural elements of the room (5) seems to be also in
progress as can be noticed from the comparison shown in Figure 26. The old
photos did not show the observed damage nowadays. A More detailed focus on
the cracking of the south and north parts of the room is shown in Figure 27.
The differential settlement affected tomb number 2 that was cracked as indicated
in Figure 28(a) and Figure 28(b) as observed in the year 2018. Fine restoration
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works were carried out after 2018 and recovered the original integrity and colors

as can be noticed in Figure 28(c).

Figure 21. (a) The observed damage in the room (1); (b), (¢) and
(d) the observed damage in the room (2). (photo “a” by [18]).

(©

Figure 22. The observed damage in the room (3) and the arch between the rooms (6)
and (8): (a) old photo before cracking, (b) cracking in the north wall of the room (3), (¢)
cracking in the arch between the rooms (6) and (8). (the old photo is after [17]).
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Figure 23. Recent damage of the dome of the room (3): (a) cracking in the dome,
(b) old photo of the dome showed no cracks. (the old photo is after [17]).

Figure 24. The observed damage of the room (8): (a) cracking in
the south wall, (b) cracking in the south west squinch, (c) crack-
ing in the south east squinch. (explanations by the authors).

Figure 25. Structural damage of the dome and its supporting
drum and arch in the room (4). (explanations by the authors).
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Figure 26. Structural damage of the room (5): (a) cracking of the dome, the drum and the
arches, (b) old photo of the west side showed no cracking, (c) old photo of the north side
showed no cracking. (photo “a” by [18] and the old photos are after [17], explanations by
the authors).

Figure 27. The damage of the room (5): (a) cracking of the dome and the drum from the
intrados (south part), (b) cracking of the dome and the drum from the extrados (south
part), (c) cracking of the dome and the drum from the intrados (north part), (d) cracking
of the dome and the drum from the extrados (north part). (explanations by the authors).
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Figure 28. The cracking and the discoloration of the tomb number 2 in the room (5): (a)
and (b) before restoration in 2018, (c) after restoration in 2020. (explanations by the au-
thors).

5.3. Construction History and Lack of Maintenance

The construction sequence of the cemetery is one of the reasons for the observed
damage. As previously discussed, the cemetery was enlarged by adding the
rooms one after another. Therefore, some of the observed damage nowadays can
be related mainly to the history of the construction. This damage is seen in the
form of separation cracks as that one between the room (5) and the corridor
(Figure 29(a)), the crack between the rooms (3) and (4) (Figure 29(b)), and the
crack between the room (9) and the corridor (Figure 29(c)).

This sort of cracks is common in historical structures built in consequent
phases. An interesting example is the Mallorca cathedral, one of the largest ev-
er-built historical stone masonry structures in the world. This cathedral has a
major separation crack due to the interruption during its construction [23]-[31].

These cracks appeared either because of the lack of connection between the
older parts and subsequently added parts. Alternatively, because of the different
deformations of the foundations of the older parts and subsequently added parts.
It should be noticed that the foundation depth, size, and materials of the older
parts and subsequently added parts might not be identical; therefore, their de-
formations also may not be identical which results in the observed separation
cracks. It should be noticed that the damage process is a very complex one and
the other previously mentioned causes of damage might have contributed to
these noticed cracks as well.

The lack of maintenance due to the limited budget allocated for the restora-
tion works by the Ministry of Antiquities has also an effect not only on Hosh
al-Basha but also generally on the architectural heritage of Egypt [32]-[38]. Oth-
er causes like previous earthquakes and anthropogenic actions have contributed
to the damage.

One clear example of the effect of the lack of maintenance on the tombs is
shown in Figure 30. As can be noticed, the marble sides composing the “‘arkee-

bah” were separated from each other and the tombstone collapsed (Figure 30(a)
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and Figure 30(b)) and the inside infill also was exposed. For the restoration, the

infill was re-turned and confined again by the marble sides and the tombstone

was returned to its place (Figure 30(c) and Figure 30(d)).

Figure 29. Examples of the noticed separation cracks due to the history of construction: (a)
separation crack between the corridor and the room (5) wall, (b) separation crack in the
vault between the rooms (3) and (4), (c) seperation crack between the corridor and the
room (9). (explanations by the authors).

Figure 30. The tombstone number (7) in the room (6): (a) seperation of the marble side
and collapse of the tombstone, (b) during restoration, (c) current state. (explanations by
the authors).
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6. Examination of the Construction Materials

Samples were collected from various building materials of Hosh El-Basha in-
cluding the limestone, the marble, the mortar between the limestone blocks, the
pigments, and the deterioration products. All the samples were taken from
cracked or detached areas. The purpose was to characterize the construction

materials and to understand better the causes of damage.

6.1. Microscopy Investigation

The samples were mounted in a transparent epoxy rersin support and polished
for cross-sectional analysis. Observation and photography of the stratigraphy
were performed using a Zeiss Axio Can MRC5 Stereoscopic microscope with
Discovery V.20 camera. Based on the characteristics of each sample, the samples
were observed under various magnifications, from 20x to 50x. The petrography
study was carried out using Olympus BX51 TF Japan attached with a digital
camera under magnification 20x up to 40x.

The examination of thin sections of the limestone samples under plane pola-
rized light microscope (PLM) displayed fine-grained calcite crystals, on top of
iron oxides, clay minerals, and numerous grains of quartz that were also found
occurring as subrounded to angular. The study showed fossils fragments as
shown in Figure 31.

The examination of thin sections of the marble samples under PLM revealed
that all marble samples are carbonate rocks consisting of both calcite and dolo-
mite in rather variable proportions, with significant to moderate contents of
quartz and orthoclase, Figure 32(a). Most of the calcite crystals were granoblas-
tic, with equidimensional shapes (pseudo-hexagonal) and different sizes, Figure
32(b) & Figure 32(c). The presence of the distinctive mosaic texture of marble is
illustrated in Figures 32(c)-(e). Marble is characterized by the sugar-crossed
texture of the mineral granules of the calcite as a result of the transformation
processes and the presence of the separation lines characteristic of the calcite the
main component of the marble, Figure 32(f).

The microscopic examination of the cross-section of the painted marble re-
vealed that the artist carried out the pigments directly on the marble decorations
as traces of the blue, red, and brown pigments were found (Figure 33(a) & Fig-
ure 33(b)). The examination also showed that marble support is full of holes

resulting from the carbonization process (Figure 33(c) & Figure 33(d)).

6.2. XRD Analysis

Mineral compositions of the samples were inducted by X-Ray Diffraction (XRD)
patterns, using a Philips X-ray PW 1840 diffractometer. The patterns were run
with Ni-filtered, Cu Ka radiation (1 = 1.54056 A) at 30 kV and 10 mA, and a
scan speed of 2° (26)/min.

The XRD pattern of the limestone sample is given in Figure 34(a) showed
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that the sample consisted essentially of Calcite (CaCO,). The XRD pattern of the
salt sample taken from the limestone surfaces or between the blocks (Figure
34(b)) found to be consisted of Calcite (39.8%), Halite (NaCl) (45%), and Sylvite
(KCI) (15.2%). This result could be interpreted that the chlorides salts are the
basic reason for stone deterioration at Hosh al-Basha and the salts are due to the
groundwater salinity resulted from Ain Al-Sira and Khayalat Al-Shorta lakes as
mentioned in section (3) above.

According to this analysis, the mortar consisted mainly of Gypsum (Ca-
SO,2H,0) (77.4%), Calcite (17.2%), Quartz (Si0,) (1.8%), and Halite (3.6%) was
found due to salt penetration (Figure 34(c)). The Calcite originated from the
limestone powder, the Quartz was the filling material and the Halite found due
to salts’ presence in the mortar. The sample taken from the plaster found to be
mainly from Gypsum (37%), Zincite (ZnO) (28.4%), Calcite (19.3%), Halite
(8.8%), and Quartz (6.5%) (Figure 34(d)). The Calcite was from the limestone

powder, the Quartz was the filling material, the Zincite was from Zinc and the

Halite was due to the salt presence.

Figure 31. Optical micrographs: (a) fine grained calcite (micrite) and fossil fragments, (b) quartz
grains as sub-rounded to angular, (c) iron oxides.

Figure 32. Petrography study of marble: (a) carbonate rocks consisting of both calcite, dolomite,
quartz and orthoclase, (b) crystals were granoblastic with equidimensional shapes, (c), (d) and (e) dis-
tinctive mosaic texture of marble, (f) presence of the separation lines characteristic of the calcite.
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Figure 33. Cross-section of the painted marble: (a) & (b) Stereomicroscope image of
pigment at marble, (c) & (d) holes at marble.
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Figure 34. XRD patterns: (a) weathered limestone, (b) salt, (d) mortar, (e) plaster.

The XRD pattern of the deteriorated marble (Figure 35(a)) showed that the
sample consisted of Calcite (35.6%), Sylvite (73.3%), and Halite (27.1). The XRD
pattern of the mortar taken from between the marble slabs (Figure 35(b)) con-
sisted essentially of Gypsum (61.2%), Calcite (28.8%), and Quartz (10%). Accor-
dingly, it is understood that the marble mortar consisted of mixing Gypsum as a

major, lime, and a small amount of sand.
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6.3. SEM-EDX Analysis

A Scanning electron microscopy (SEM) used to observe the rocks forming min-
erals, weathered minerals, details of morphological features of the surface par-
ticles, voids, and its weathering status. The SEM was a JEOL JSM 6400 coupled
with an Energy Dispersive X-ray spectrometer (EDX) was used to determine the
chemical composition of the building materials.

The EDX microanalysis of the marble sample showed an almost pure carbo-
nate composition with low amounts of Magnesium (Mg), Silica (Si), and alumi-
na (Al), Figure 36(a) and Table 1. The distinguishing geochemical feature may
be related to the different mineralogical compositions and the genetic environ-
ment of the materials.

The EDX pattern of the marble had some amounts of Sulfide and Chloride (S
and Cl) caused by weathering effects. The SEM results confirmed that the marble
deterioration was due to the abundance of soluble salts. The SEM micrographs
exhibited several alterations, such as cracks and pores (Figure 37(a)). Halite was
identified as large prismatic grains (Figure 37(b)) and there were losses of cohe-
sion between grains (Figure 37(c)). The SEM photomicrographs showed disin-
tegration between the Calcite crystals and micro exfoliation (Figure 37(d)).

The EDX microanalysis of the plaster sample (Figure 36(b) and Table 1)
showed that Zn, Ca were the major elements in the sample. Considerable amounts
of S, Na, and Cl were also recorded due to salt presence. The EDX analysis of the
mortar sample confirmed the XRD result. The EDX microanalysis (Figure 36(c)
and Table 1) showed that Ca and Si were the major elements in the sample. Con-

siderable amounts of Na and Cl were also recorded due to salt presence.

Table 1. Results (Wt%) of the EDX analysis.

Elements
Analyzed Sample
C (¢} Na Mg Al Si S Cl Ca Zn MoL
Marble 8.79 50.59 2.42 0.84 0.93 3.25 10.92 3.30 18.98 0.0 0.0
Plaster 21.27 37.80 0.01 1.48 0.66 1.28 7.64 4.41 5.35 20.11 0.0
Mortar 26.97 40.55 5.31 0.0 2.52 543 0.0 2.42 11.45 0.0 5.35
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Figure 35. XRD patterns: (a) deteriorated marble, (b) marble slabs mortar.
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Figure 36. EDX patterns: (a) marble, (b) limestone plaster, (c) mortar samples between limestone

blocks.

Figure 37. SEM micrograph of the marble: (a) cracks and pores, (b) prismatic grains of
Halite, (c) losses of cohesion between grains, (d) disintegration between calcite crystals.
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7. Conclusions

This research investigated the damage manifested by the cemetery of the Royal

Family and the characterization of its construction materials. The cemetery is

very rich with decorative marble elements and is considered one of the master-

pieces of Historic Cairo (listed since 1979 as a UNESCO World Heritage Site).

The Royal Family ruled Egypt for about one and a half century from 1805 to
1952; therefore, the cemetery has a high historic value as 74 of the Royal Family

were buried there.

The detailed historical research, literature review, visual inspection and pho-
tographical documentation allowed a good understanding of the manifested
damage. It was found that all the structural elements including the domes, the
squinches, the arches, and the walls are cracked. This could be attributed to sev-
eral factors including the construction history of the cemetery, the groundwa-
ter’s level variations, the lack of maintenance and the previous earthquakes.

The cemetery was constructed on six stages starting from the beginning of the
19th until the mid of the 20th century. This in turn resulted in relatively weak
connections between its walls. In addition, it gave the possibility of having
changes in the quality of the used construction materials and the foundations
parameters (the depth, the dimensions, the types, and the materials). In addi-
tion, the groundwater continuous rising affected very badly the foundation soil.
Historic Cairo, generally, was built over non-homogenous fill. This fill has un-
predicted behavior when exposed to groundwater’s variations that results in dif-
ferential settlements of the foundations and consequently the diagonal cracks
appeared in the structural elements.

The location of Hosh al-Basha near to two lakes characterized by its saline
water played an important role in the manifested damage by salt effloresce and
crystallization in the stone masonry elements and the decorated marble. The sa-
line groundwater penetrated in the walls by capillarity and then evaporated
leaving the salts inside to crystallize resulting in internal stresses in stones that
were cracked and distorted.

The microscopy study revealed the following:

e The limestone had fine-grained calcite crystals, on top of iron oxides, clay
minerals, and numerous grains of quartz were found occurring as sub-
rounded to angular.

e The marble samples were carbonate rocks consisting of both calcite and do-
lomite in rather variable proportions, with significant to moderate contents
of quartz and orthoclase.

e The artist carried out the pigments directly on the marble decorations as
traces of the blue, red, and brown pigments were found. The marble support
was full of holes resulting from the carbonization process.

The XRD analysis revealed the following:

The salts were found to be Halite (NaCl) and Sylvite (KCl). Meaning that the

chlorides salts were the basic reason for the stone and the marble deteriora-
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tion. The salts were due to the groundwater salinity resulted from Ain Al-Sira
and Khayalat Al-Shorta lakes. These results matched with previous chemical
analysis of the saline water of the aforementioned two lakes.

e The mortar consisted mainly of Gypsum, Calcite, and Quartz.

e The plaster found to be mainly from Gypsum, Zincite, Calcite, and Quartz.

The SEM-EDX Analysis revealed the following:

e The marble was an almost pure carbonate composition with low amounts of
Magnesium, Silica, and alumina. It suffered from several alterations, such as
cracks and pores, disintegration between the Calcite crystals and micro ex-
foliation. It had some amounts of Sulfide and Chloride caused by weathering
effects. These results confirmed that the marble deterioration was due to the
abundance of soluble salts.

e The plaster was found to be composed of Zn and Ca. Considerable amounts
of S, Na, and Cl were recorded due to salt presence.

e Ca and Si were the major elements in the mortar. Considerable amounts of
Na and Cl were also recorded due to salt presence.

The cemetery of the Royal Family is in need of an urgent conservation project
to stop the on-going overall damage mechanisms due to the effect of the
groundwater table rise and subsequent differential settlement. A detailed inves-
tigation is needed for the foundation soil of the cemetery by conventional
bore-holes and modern means like Ground Penetrating Radar (GPR) and Mul-
tichannel Analysis of Surface Waves (MASW) to reveal its properties and cha-
racteristics. Monitoring of the observed wide cracks in the different structural

elements is also needed to understand its evolution in time.
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