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Abstract: This paper presents a novel concept for significantly enhancing the strength and durability
of ancient closed-box tombs. These tombs hold significant philosophical values, and their architecture
serves as a valuable data source, providing insights into the cultural stage of the society in which it
was constructed. Throughout medieval and modern times, clay bricks remained a prevalent material
for tomb construction due to their affordability and design flexibility. However, these structures
currently face neglect and weakening, requiring imperative intervention of protection to prevent them
from potential deterioration or extinction. The key objective of this research is to explore the potential
use of graphene oxide (GO), a novel nanomaterial, as a treatment method to enhance the durability
of mud brick tombs in Aswan, Egypt. Samples of mud bricks were examined and characterized using
various techniques, including SEM-EDX, TEM, PLM, XRF, XRD, and mechanical properties analysis.
The results indicated that GO nanomaterials significantly improve the mechanical properties of mud
brick tombs, allowing them to resist more compressive loading and ultimately resulting in more
durable and long-lasting structures. By using these innovative materials, effective restoration and
preservation of these ancient structures for future generations could be viable. This research has the
potential to revolutionize the preservation of closed-box tombs, ensuring these historical landmarks
stand longer the test of time.

Keywords: close-box tombs; mud brick; deterioration; graphene oxide nanoparticles; consolidation

1. Introduction

Clay, extracted from the Earth, stands as one of the most prevalent building materials
globally. However, it is concurrently recognized as one of the most vulnerable due to
inherent weaknesses and soil material heterogeneity, posing challenges in overall decay
categorization and manipulations [1]. Clay brickwork is one of the oldest and strongest
construction techniques used by humankind. Masonry consists of physically built stable
masses of small fundamentals, with or without mortar. It was an essential building material
in the Egyptian and Roman periods. Clay brick tombs continued to be used during
medieval and modern times. Although there were several changes in clay brick use, shape
and methods of manufacture along thousands of years of continuous growth, the ease of use
that led its success stayed [2]. The clay bricks utilized in tomb construction exhibit diverse
shapes, sizes, and colors, catering to various structural construction needs [3]. Notably,
mud bricks undergo changes in color and size, including swelling and the emergence
of fine and large cracks, particularly in humid environments, attributed to the impact of
humidity [4].
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In Aswan, Egypt, closed-box tombs have served as prominent funerary structures
for millennia. Dotting the Aswan landscape, ancient closed-box tombs stand as silent
testaments to past residents. Constructed from readily available Nile clay, these sealed
chambers served not only as final resting places, but also as enduring markers of a civi-
lization’s ingenuity. Historically, Aswan was renowned for its numerous Muslim jurists
and hadith scholars and for hosting several Islamic cemeteries. The city functioned as
an economic center, as it experienced a significant revival during the 9th century when
the historic gold and emerald mines in the Eastern Desert at Wadi Allaqi, southeast of
Aswan, were reopened. This economic resurgence attracted a growing population and
established Aswan as a crucial stop for trade caravans [5]. Ancient closed-box tombs in
Aswan transcended their role as mere resting places. Their construction served as a testa-
ment to the civilization’s engineering prowess. The positioning of these tombs, precisely
behind the Nubian Museum, was deemed suitable due to its elevated location, protecting
against flood-related risks and groundwater seepage. The architect utilized the natural
surroundings, taking advantage of the nearby availability of silt and sand. Despite the
inherent protection and arid atmospheric conditions, these tombs exhibit a poor state of
preservation in their appearance.

The tombs examined in this study revealed the interment of the deceased following
Islamic burial practices. The closed, rectangular projected tombs adhere to Islamic law.
Following the burial of the deceased, the builder constructs a half-barrel-shaped structure
to cover the rectangular section where the individual is interred [6]. This design results
in tombs having the visual characteristic of a box covered with a half-barrel, notable for
the specific bricks utilized in the superstructure. It is crucial to emphasize that this type
of tomb lacks a dome, a feature commonly found in numerous Islamic cemeteries. The
Earth’s surface predominantly comprises alluvial and fine sandy deposits, facilitating
the exhumation, damage, and destruction of tombs. There is an inclination towards
repurposing ancient cemeteries in general. In proximity to this area are the Fatimid Islamic
cemeteries, which, while potentially sharing architectural similarities, exhibit distinct
differences in the design of their upper domes [7].

The tomb holds significant philosophical values, and its architecture serves as a
valuable data source, providing insights into the cultural stage of the society in which it
was constructed [8]. The tomb’s architecture witnessed rapid progress and development.
It was originally only a pit with a small hill above it, and after that, it evolved into a
huge and ornate structure over time. The technique employed for constructing existing
tombs involved stacking stone piles and arranging them in a square formation. At the
bottom of the tomb, the stone was arranged in a rectangular shape to show the architectural
development of building the tomb in a more complex way so that it could bear the load
of the building above [9]. Analyzing the evolution of cemetery architecture revealed a
diversity in the design of structures erected over tombs. The cemeteries investigated in
our research demand attention, showcasing a traditional Islamic form harmonious with
the surrounding environment. Tombs are elevated above ground level, with a rectangular
brick coffin constructed inside. In Aswan’s Islamic archaeological tombs, two predominant
types are observed: the square tomb with a dome and the rectangular tomb, comprising
a central square with a dome flanked by two rectangles, each featuring a flat or vaulted
structure. Notably, some tombs in this study lack a dome [Figure 1la—-d].

These tombs are predominantly constructed with mud brick adobe blocks, susceptible
to various deterioration factors, as identified by [10]. The most significant factor is continu-
ous neglect over the years, exacerbated by the absence of a clear preservation strategy [11].
The continuous environmental changes and the inherent weakness of building materials
in these cemeteries lead to significant issues such as large cracks, partial loss of bricks,
and partial or complete collapse, as noted by [12]. Therefore, urgent interventions are
imperative, as illustrated in Figure le-h.
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Figure 1. (a) Archaeological box tombs, (b) tomb opening closed with irregular mud brick and sand
bricks, (c) erecting the rectangular brick coffin, (d) tombs in poor state of preservation and appearance,
(e) remaining part of architectural elements, (f) numerous cemeteries in poor condition and collapsed,
(g) completely lost tomb, (h) box tomb with evidence of closure in the vault, displaying significant
collapse and loss of large parts.

Recent research has explored the potential of graphene for enhancing mortar perfor-
mance [13,14]. Studies have shown that incorporating graphene into mortar formulations
significantly improves its durability and mechanical properties [15,16]. Notably, some
studies suggest that adding small amounts of graphene oxide (GO) powder, typically
between 0.04% and 0.08% of the weight of the mortar mix, leads to a remarkable increase
in mechanical strength [17,18].

This paper examines the potential of enhancing the durability of closed-box tombs
in Aswan. A key objective of this research is to explore the use of graphene oxide (GO), a
novel nanomaterial, as a treatment method for mud bricks. By incorporating GO into the
mud brick composition, we aim to address the inherent weaknesses of mud brick materials,
such as susceptibility to moisture and erosion, and explore a potential treatment method to
improve the durability of mud brick tombs.

2. Design Methodology

This research employed a multi-faceted approach to assess the effectiveness of graphene
oxide nanoparticles in enhancing the durability of mud bricks used in ancient closed-box
tombs. The methodology involved a comprehensive characterization of damaged mud
bricks followed by the incorporation of graphene oxide and subsequent mechanical testing.

Firstly, samples were extracted from the degraded tomb walls for cross-sectional
analysis. These samples were examined under a polarizing microscope to understand the
microstructure of the mud bricks. Subsequently, a scanning electron microscope (SEM)
provided high-resolution images of the sample surfaces, revealing potential cracks or de-
terioration. Further investigation using a transmission electron microscope (TEM) was
envisaged to gain deeper insights into the material’s composition at the nanoscale. Ad-
ditionally, X-ray fluorescence (XRF) analysis identified the elemental makeup of the mud
bricks, aiding in the design of an effective treatment strategy.
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Following the in-depth characterization, graphene oxide nanoparticles were prepared
using a suitable method. The prepared nanoparticles were then incorporated into the
mud brick matrix, potentially through impregnation or other techniques. Finally, mechan-
ical testing was conducted to evaluate the impact of graphene oxide on the mechanical
properties of the treated mud bricks, such as compressive strength and flexural strength.

2.1. Samples Preparation for Cross-Sectional Analysis

Two samples were collected from the damaged wall to investigate and characterize the
mud bricks. A mixture of epoxy and hardener at a 100:2 mL ratio was used to embed the
samples in epoxy Number 27751 for cross-sectional analysis. After the epoxy dried, regular
observations were conducted by BM to ensure a smooth and high-quality surface on the
samples. Subsequently, the samples were ground and polished using various sandpaper
sizes, including wet-type sandpaper. The analysis uses a polarizing microscope. The
observations were conducted with the BM model on the Olympus BX53. Scanning electron
microscope was used for detailed observation of the samples utilizing the JEOL-5500LV
model with an acceleration voltage of 20 kV [Figure 2a,b].

(a) (b)

Figure 2. (a) General view of the Islamic tomb, closed within the vault, and (b) samples of the
Islamic tomb.

2.1.1. Polarizing Microscope Investigation

The cross-sections of mud brick samples were examined using the Olympus BX53
polarizing microscope equipped with UIS2 infinity-corrected optics. This microscope
offers outstanding performance with polarized light for detailed sample analysis. The
observations were conducted with the BM model on the Olympus BX53.

2.1.2. Scanning Electron Microscope Investigation

Scanning electron microscopy (SEM), utilizing the JEOL-5500LV model with an ac-
celeration voltage of 20 kV, was employed to investigate the surface morphology of mud
brick samples.

2.1.3. Transmission Electron Microscope Investigation

Transmission electron microscopy (TEM) was conducted using the JEOL JEM-2100
high-resolution transmission electron microscope, operating at an accelerating voltage of
200 kV. The samples under study exhibited an average size length of 1-3 pm, thickness rang-
ing from 1 to 5 nm, and a sheet-like structure characteristic of graphene oxide nanomaterial.
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2.1.4. X-ray Fluorescence Analysis

X-ray fluorescence (XRF) was employed to identify the elemental composition of mud
bricks. X-ray fluorescence was performed using X-SUPEREME —-HITACHI. The samples
were prepared at the Central Laboratory of South Valley University, Egypt.

2.1.5. X-ray Diffraction Analysis

X-ray diffraction (XRD) was utilized to identify graphene oxide nanoparticles. X-ray
diffraction pattern was performed using XPERT-PRO Powder Diffractometer system, with
2 theta (20°-80°), with Minimum step size 2 Theta: 0.001, and at wavelength (Ka) = 1.54614°.
The samples were prepared at the Central Laboratory of South Valley University, Egypt.

2.2. Preparation of Graphene Oxide

The most exciting and productive periods in scientific research often coincide with the
discovery of novel materials, offering opportunities to explore and address scientific chal-
lenges. The discovery of free-standing graphene ushered in one such period. Graphene, a
two-dimensional (2D) crystalline carbon allotrope, has garnered significant research interest
due to its exceptional intrinsic features and electronic properties. Despite its relatively short
history, graphene has already unveiled a multitude of new physical and chemical proper-
ties to investigate, presenting a plethora of potential applications in various technological
fields, including nanocomposites, nano-electronics, sensors, batteries, supercapacitors, and
hydrogen storage.

Preparation Method

The synthesis of graphene involved the chemical reduction of graphene oxide through
two distinct processes: sodium borohydride reduction and hydrothermal reduction. The
initial graphene oxide was prepared using an enhanced version of Hummer’s method.
In this approach, a mixture of concentrated H,SO4/H3POy (360:40 mL) was added to a
blend of graphite flakes (3.0 g, 1 wt equiv.) and KMnO4 (18.0 g, 6 wt equiv.), generating a
slight exotherm at 3540 °C. The reaction was then heated to 50 °C and stirred for 12 h [19].
Following cooling to room temperature, the mixture was poured onto ice (~400 mL) with
30% HO, (3 mL). For workup, the mixture underwent sieving through a metal U.S.
Standard testing sieve (W.S. Tyler, Mentor, OH, USA, 300 pm) and subsequent filtration
through polyester fiber (Carpenter Co., Riverside, CA, USA). The filtrate was centrifuged
(4000 rpm for 4 h), and the supernatant was decanted [20]. The residual solid underwent
successive washes with 200 mL of water, 200 mL of 30% HCI, and 200 mL of ethanol. After
each wash, the mixture was sifted through the U.S. Standard testing sieve and filtered
through polyester fiber, with the filtrate centrifuged (4000 rpm for 4 h), the supernatant
decanted, and the solid dried [21].

2.3. Preparation of the Innovative Nanomaterial Graphene Oxide for Consolidation

The GONSs (average size 40-50 nm) were dispersed in water of 0.5% and 1%. The
nanomaterial was then treated using the sonication technique by dispersing 0.5 gm wt%
of GONs powder in 1000 mL of distilled water and 1% using the sonication technique by
dispersing 1 gm wt % of GONs powder in 1000 mL of distilled water for 20 min using an
ultrasonic mixture and magnetic stirrer.

2.4. Mechanical Testing

The uniaxial compression test was employed to measure the treated mud bricks’” com-
pressive strength (UCS). This test aids in determining the maximum stress and compression
load that leads to specimen failure (o = P/A), where o is stress, P is the force applied,
and A is the cross-sectional area. The sample was positioned accurately in the center of
the loading plate during the test. Samples must be measured exactly to be 3 cm x 3 cm
before performing the test inside the device. The test is performed by applying pressure
on the sample to reach the maximum force that the sample can resist before it collapses.
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The compression test was conducted using a universal testing machine at the Central
Laboratory, South Valley University, Qena, Egypt.

3. Results
3.1. Closed-Box Tombs Archaeological Deterioration Factors

The archaeological heritage of closed-box tombs is deteriorating primarily due to
environmental factors, such as erosion and harsh weathering, posing continuous threats
to site stability. Initial assessments are crucial to determine the structural integrity of
deteriorating buildings, followed by developing plans and measures to preserve essential
parts and areas, preventing collapse and further decay [22]. Identifying risk factors that may
accelerate the site’s deterioration is integral to environmental impact analysis, alongside
immediate studies to achieve preservation goals.

The extreme temperature standards, particularly the high summer temperatures
reaching up to 50 degrees, significantly impact the mud bricks in closed-box tombs in
Aswan. These conditions result in increased thermal loads, manifesting in various types
of cracks, including substantial ones. The wind damages closed-box tombs, causing
weathering, and weakening mud bricks due to windstorms. Unanticipated rainfall in
2022 in Aswan has further damaged numerous adobe walls.

3.2. Polarizing Microscope Investigation

The polarizing microscope is a valuable method for investigating the minerals in mud
bricks. Through polarized light microscopy (PLM), the analysis of mud brick samples
revealed the presence of sand, aggregates, straw as a binding agent, and clay minerals. This
composition contributes to an increased porosity of mud bricks under both UV and normal
light conditions, as depicted in [Figure 3a,b].

Figure 3. (a) Photomicrograph of cross-section image showing the structures of mud brick under
normal light using PLM (BMM). (b) The same image under UV light.

3.3. Scanning Electron Microscope Investigation (Before Treatment)

SEM images obtained before treatment indicated that mud brick samples exhibit
numerous voids and cracks attributed to harsh weathering conditions. Additionally, there
is evidence of grain rotation in quartz, organic material (straw), and clay minerals within
the samples, as illustrated in [Figure 4a,b].
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Figure 4. (a-d) SEM photomicrographs illustrating gaps and cracks attributed to harsh weather

conditions.
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3.4. Scanning Electron Microscope Investigation (After Treatment)

The results obtained from the scanning electron microscope (SEM) after the consolidation
of graphene oxide nanoparticles (0.5%) revealed the distribution of GO nanoparticles on the
surface, effectively dispersed in the cracks of the mud brick samples (Figures 4a—d and 5a—d).
The results obtained from the scanning electron microscope (SEM) after the consolidation of
graphene oxide nanoparticles (1%) revealed the distribution of GO nanoparticles on the surface,
effectively dispersed in the cracks of the mud brick samples [Figure 6a—].

Figure 5. (a—d) SEM photomicrographs demonstrating the distribution of GO nanoparticles (0.5%) on
the surface and their effective dispersion within cracks.

Figure 6. Cont.
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Figure 6. (a—f) SEM photomicrographs demonstrating the distribution of GO nanoparticles (1%) on
the surface and more dispersion within cracks.

3.5. Transmission Electron Microscope Investigation

TEM images of graphene oxide nanoparticles indicated a size of 200 nanometers.
Morphological investigation revealed thick, flat flake layers with non-uniform particle sizes
and a rough surface in graphene oxide, as depicted in Figure 7.

Figure 7. TEM images of GO along with the SAED pattern, TEM images of graphene oxide nanopar-
ticles indicated a size of 100- 200 nanometers. Morphological investigation revealed thick, flat flake
layers with non-uniform particle sizes and a rough surface in graphene oxide.

3.6. X-ray Fluorescence Analysis

X-ray fluorescence (XRF) has been utilized to identify the elemental composition of
mud brick minerals. The samples of mud bricks exhibited the presence of various elements,
including calcite (Ca) as calcium carbonate (CaCOj3), silica (SiO») as quartz, sodium (Na),
sodium chloride (NaCl), chloride (Cl), magnesium (Mg), aluminum (Al), and clay minerals,
with prominent peaks for silicon (5i) and aluminum (Al). Additionally, iron (Fe) elements
are identified as iron compounds, and sulfate (S) is present in the form of calcium sulfate
(CaSO4-2H,0) [Figure 8a,b] and Table 1.

Table 1. Elemental composition analysis of mud brick samples from the closed-box tomb.

Sample Mud Brick
Element Mg Al Si P S Cl K Ca Ti Mn Fe
Con.® (a) 1.509 8.612 45.618 2278  6.161 1.794 2052 13269 3.604 0250 14.123
on.%

(b)

1.882 10.843 54.868  1.358 1.127 0.188 1.612 9.735 3.596 0230  14.345
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Figure 8. (a,b): XRF spectrum of a clay brick sample from a closed-box tomb. The elemental
composition of clay brick minerals is shown. The presence of calcite (Ca), silica (SiO,), sodium (Na),
chloride (Cl), magnesium (Mg), aluminum (Al), and clay minerals is shown, with prominent peaks
for silicon (Si) and aluminum (Al).

3.7. XRD Analysis of GO Nanoparticles

Graphene oxide nanoparticles were analyzed using X-ray diffraction (XRD). The XRD
pattern was obtained using the XPERT-PRO Powder Diffractometer system, covering a
2-theta range from 10° to 50°. The XRD pattern of the graphene oxide nanoparticles is
illustrated in Figure 8. Mud brick was analyzed using X-ray diffraction (XRD). The XRD
pattern of the mud brick is illustrated in Figures 9 and 10.
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Figure 9. XRD pattern of graphene oxide.
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Figure 10. XRD pattern of mud brick.

3.8. Treatment of Samples

As a result of the above studies, the studied mud bricks were evaluated using the
following criteria:

(a) Pre-consolidation: The first step was to apply temporary strips of tissue paper with
GON 0.5% and 1%, in order to prevent weak parts of the mud brick from collapsing.

(b) Mechanical cleaning: After the mud bricks had been pre-consolidated, surface de-
posits were carefully removed using an air pump to remove dust from mud bricks.

(¢) Treatment of mud bricks: The goal of this treatment was to consolidate the mud
bricks and treat them to stop them from collapsing in the long term. To treat the mud
bricks multiple brushings per day for 3 consecutive days were performed in order
to apply GONs onto the mud brick surfaces. The surfaces of the mud bricks were
also treated with polyethylene sheets to prevent the treatment from evaporating. A
multiple brushing process was conducted 2—4 times daily over three consecutive days
to apply graphene oxide nanoparticles to the mud brick surfaces. Additionally, the
mud brick surfaces were protected from evaporation by polyethylene sheets during
this treatment [Figure 11].

Figure 11. Treatment of the mud bricks surfaces with polyethylene sheets.

3.9. Uniaxial Compressive Strength of the Mud Brick Specimens before and after Treatment

Uniaxial compressive strength is a valuable mechanical property for evaluating the
performance of mud brick materials to withstand loads. It refers to the maximum stress a
mud brick can resist when a compressive force is applied in a single direction, typically
along its vertical axis. This test provides valuable insights into durability and the material
performance. The compressive strength of mud brick specimens is measured using a com-
pression testing machine and the sample size is 3 x 3 x 3 cm>. The specimens are carefully
positioned between the platens of the machine, ensuring proper alignment. A constant
and controlled load is then applied axially to the top platen, inducing a compressive stress
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on the brick in the vertical direction. This load is steadily increased until the specimen
fractures, and the maximum force achieved is used to calculate the compressive strength.
The compressive strength is calculated from the failure load divided by the cross-sectional
area resisting the load and reported in units of pound-force per square inch (psi) or mega-
pascals (MPa). A total of 15 mud brick specimens were tested to evaluate the effectiveness
of graphene oxide nanoparticle (GON) treatment. The tests included five control specimens,
five specimens treated with 0.5% GON, and five specimens treated with 1% GON. The
control group provided a baseline value representing the inherent compressive strength of
the untreated mud bricks.

The result showed that the samples with natural additives gave compressive strengths
with an average of 2.06 MPa. Upon comparing the compressive strength before and after
treatment with graphene oxide nanoparticles (GONs), as indicated in Table 2, the results
suggest that the GONSs, effectively dispersed within the pores, significantly improved the
mechanical properties of the mud brick samples. The treatment added a protective layer
to the surface of the mud bricks which resulted in increasing the compressive strength
of material. This indicates that the GON treatment successfully reinforced the mud brick
structure, allowing it to resist more compressive loading.

Table 2. The compressive strengths of the mud bricks before and after the treatment with GON.

No. Before Treatment After Treatment (0.5%) After Treatment (1%)
(MPa) (MPa) (MPa)
1 2.099 3.697 4.246
2 1.780 2.902 4.079
3 1.915 3.442 4.383
4 2.159 3.873 4.550
5 1.688 3.030 4.432

4. Discussion

Closed-box tombs currently face neglect and weakening, requiring crucial intervention
to protect them from potential deterioration or extinction. The findings of this study
revealed that extreme temperatures and wind significantly affected the structural integrity
and preservation of mud bricks used in closed-box tombs. Understanding the effects of
these environmental factors on mud bricks is crucial for the preservation of these historical
tombs. The arid climate of Aswan region, characterized by extreme temperatures reaching
up to 50 degrees Celsius and significant daily fluctuations, poses a unique challenge to
the preservation of mud brick tombs. The intense solar heat can cause substantial thermal
expansion within the bricks, leading to cracking and spalling. Conversely, rapid nighttime
cooling induces condensation and moisture accumulation within the tomb. This moisture
weakens the mud bricks and promotes the growth of hygroscopic salts, which can cause
internal fracturing and material breakdown. Over extended periods, these cyclical stresses
can cause significant structural degradation, jeopardizing the integrity of the tomb and
endangering the precious artifacts it contains.

Furthermore, the influence of wind on closed-box tombs in arid environments presents
a complex challenge. While the enclosed nature of these structures shields the internal
surfaces from direct wind erosion, it also introduces a weathering mechanism. Persistent
high winds laden with sand particles can act as an abrasive force on the tomb’s exterior,
particularly around the entrance. Over extended timescales, this abrasion can widen exist-
ing cracks or gaps in the mud bricks, compromising the overall integrity of the seal. This
weakening of the entrance, designed to prevent external elements from entering, ironically
creates a pathway for the very elements—windblown sand and potentially moisture—
to infiltrate the tomb interior and accelerate degradation of the contained artifacts. The
long-term deterioration processes that affect the physical, mechanical, and structural prop-
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erties of building materials over time have been examined in various aspects by numerous
researchers [23,24].

The preservation of mud brick materials is significantly influenced by the cumulative
effects of various deterioration processes. Analysis of the altered properties of mud bricks
shows a gradual decline in key parameters as the material ages, which is directly linked
to the length of exposure to these harmful factors. SEM images obtained before treatment
indicated that mud brick samples exhibit numerous voids and cracks attributed to harsh
weathering conditions. However, the SEM post-treatment images revealed successful inter-
action between graphene oxide nanoparticles and mud brick grains, effectively clogging
surface pores. Polarizing microscopy is invaluable for investigating the minerals in mud
bricks, including sand, aggregates, straw as a binding agent, and clay minerals. The XRF
analysis accurately identified major and minor compositions of the mud bricks, highlight-
ing iron oxide (Fe) as a minor element and silica (Si) as the main element. Furthermore,
the XRD analysis identified the composition of graphene oxide nanoparticles. The samples
collected from the closed-box tombs were analyzed by XRD. The results showed that the
major components of mud brick are Quartz, Orthoclase, Calcite and Kaolinite with traces
of Montmorillonite.

The uniaxial compressive strength tests of the mud brick specimens provided a crucial
evaluation of the effectiveness of the graphene oxide nanoparticle (GON) treatment method
in preserving mud bricks. Upon comparing the compressive strength before and after
treatment with GON, the results suggest that the GONSs, effectively dispersed within the
pores, significantly improved the mechanical properties of the mud brick. The treatment
improved the compressive strength of the mud bricks by adding a protective layer to
their surface. This indicates that the GON treatment successfully reinforced the mud brick
structure, allowing it to resist more compressive loading. This higher compressive strength
demonstrates the ability of the treated mud bricks to resist greater loads, ultimately resulting
in more durable and long-lasting structures. Based on these study findings, applying these
compositions to treat mud bricks in the closed-box tombs in Aswan, Egypt, is recommended.
This finding aligns with earlier research that explored the potential use of graphene oxide
(GO) to enhance building materials [25,26]. Some of these studies focused on strengthening
cement mixtures for improved mechanical performance, while others investigated GO’s
potential as a protective layer to extend the durability of concrete [27,28]. Overall, these
studies have demonstrated the significant effect of GO in improving the strength and
durability of building materials. The application of GONs to mud brick conservation is a
new area with limited research [29,30]. More studies are needed to assess its effectiveness
and long-term impact. Researchers can gain valuable insights into the potential of this
new approach for strengthening and preserving mud brick structures. Future research will
build upon these findings, utilizing nanocomposites to strengthen and retrofit intervention
plans and strategies for treating mud brick artifacts.

5. Conclusions

This study examined the potential of graphene oxide nanoparticles (GONSs) as a
treatment for mud bricks with the aim of consolidating mud bricks used in closed-box
tombs. It demonstrated the effectiveness of transmission electron microscopy (TEM) as a
non-destructive method for investigating the shape sheets of graphene oxide nanoparticles
and their consolidating effectiveness.

Closed-box tombs have served as prominent funerary structures for millennia in
Aswan, Egypt. These closed-box tombs are highly vulnerable to collapse as a result of
ongoing weathering and various deterioration mechanisms. The ultimate objective of
this research is to extend the durability of mud brick materials, thereby ensuring effective
restoration and preservation of these historical and cultural structures for future generations.
Deterioration mechanisms of architectural elements are complex since they are influenced
by a variety of factors including physical, chemical, human, and biological agents. These
ongoing factors can lead to the complete loss of these elements. Diagnostics and observation
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are therefore essential practices for understanding and mitigating the impact of hazards on
the stability of materials and archaeological sites.

The results indicated that extreme temperatures and wind significantly affect the
structural integrity of mud bricks in closed-box tombs. Furthermore, the moisture weakens
the mud bricks and promotes the growth of hygroscopic salts, which can cause internal
fracturing and material breakdown. Over extended periods, these cyclical stresses can cause
significant structural degradation, jeopardizing the integrity of the tomb and endangering
the precious artifacts it contains. Scanning electron microscopy (SEM) images obtained
before treatment indicated that mud brick samples exhibit numerous voids and cracks
attributed to harsh weathering conditions. The X-ray fluorescence (XRF) analysis accurately
identified major and minor compositions of the mud bricks, highlighting iron oxide (Fe) as
a minor element and silica (Si) as the main element.

The graphene oxide nanoparticles proved to be suitable for consolidating mud bricks,
leading to the enhanced mechanical properties of the mud bricks. Upon comparing the
compressive strength before and after treatment with GONSs, the results suggest that the
GONes, effectively dispersed within the pores, significantly improved the mechanical prop-
erties of the mud brick. The treatment improved the compressive strength and durability
of the mud bricks by adding a protective layer to their surface. This indicates that the GON
treatment successfully reinforced the mud brick structure, allowing it to resist more com-
pressive loading. By using these innovative materials and techniques, effective restoration
and preservation of these ancient structures for future generations could be viable. This
consolidation technique has the potential to revolutionize the preservation of closed-box
tombs, ensuring these historical landmarks stand the test of time.
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